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SUMMARY
The A antigen, detectable in cultures of Marek's Disease Virus (MDV) 
grov/n in suitable cells, was isolated, concentrated, purified and charac­
terised. Virulent virus was propagated in cultures of both chick kidney 
and duck embryo fibroblast, the supernatants harvested, and A antigen was 
extracted by various means such as salt precipitation and membrane ultra- 
filtration. A antigen was also prepared from skins and feathers of chickens 
infected with.MDV, and it was found that this material was immunologically 
identical with that obtained from cell culture fluids. In order to monitor 
concentration and purification procedures, cur assay technique for the 
antigen was devised based on single (radial) immunodiffusion. The antigen 
was found to be a protein of relatively low molecular weight (39,000 to 
60,000 daltons), stable to marked changes in pH and temperature, and to be 
an entity quite distinct from the virus particle. It was also found that 
the herpesvirus of turkeys (HVT) induced the production of A antigen in 
cultures of chick embryo fibroblast, and a serological test was devised 
which distinguished this type of infection from that caused by MDV. The 
possible functions of the A antigen in virus/cell relationships, and its 
counterpart in other herpesviruses, are discussed.
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INTRODUCTION
Marek's Disease (MD) is a lymphoproliferative disease of the chicken 
which primarily affects the peripheral nervous system and sometimes gives 
rise to neoplastic visceral lesions. It v/as first described by Marek (1907) 
and it is now recognised that the syndrome is caused by a herpesvirus. 
Estimates for 1971/72 placed the cost of MD to the British poultry industry 
prior to vaccination in the region of ten million pounds per annum and its 
study is therefore important for economic reasons. In addition, the study 
provides a model for virological, biochemical and immunological aspects of a 
virus-induced neoplastic condition. It is proposed to review the work which 
has led to the current picture of MD under -the'following headings:-
Ao Aetiology of Marek*s Disease 
Historical
MD and the Avian Leucoses 
Causative agent of MD
Pathology and Pathogenesis of Marek's Disease
C. Control of Marek's Disease
Epizootiology
Attenuation, Immunisation and Vaccines 
Chemotherapy
D• Interference and Interferon
E. Biochemical aspects of herpesvirus infections 
Synthesis and incorporation of proteins
Comparative studies on the deoxyribonucleic acid of MDV and 
other herpesviruses 
Alterations in membranes of cells infected with herpesviruses
Fo Immunological features of infection with MDV and other herpesviruses 
Go The Project
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A. Aetiology of Marek*s Disease
Historical
Marek (1907) studied four domestic roosters which were suffering varying 
degrees of paralysis. One of the birds died, and on post-mortem examination 
Marek found several nerves to be massively enlarged, although abnormalities 
in other organs were absent, or not reported. Further observations on the 
nerves led him to describe the condition as a polyneuritis. The disease 
then underwent a succession of names such as fowl paralysis (which is still 
used by many workers), range paralysis, and neurolymphomatosis gallinarum 
(Warrack & Dalling, 1932; Pappenheimer, Dunn & Cone, 1926), In addition 
to nerve lesions, a variety of other organs were later found to be involved, 
for instance Pappenheimer et al. (1926) and Pappenheimer, Dunn & Cone (1929), 
found that 10% of the chickens they inspected had tumours, most of which 
were of the ovary, and where such tumours were apparent in the viscera only, 
the term Visceral lymphomatosis * was proposed. The term *leucosis* which 
had been proposed as early as 1920 (Ellerman, 1920), was used to embrace all 
neoplastic conditions of chickens affecting the haematopoietic tissue. But 
in the absence of evidence implicating distinct aetiological agents for 
the various forms of leucosis, it was inevitable that common pathological 
signs should be used to provide some sort of classification, (Anon,. 1941)* 
Thus it was that several conditions were grouped erroneously under the same 
heading for the next three decades, and attempts to resolve the confusion 
existing over the terminology of the condition were frustrated by the absence 
of any direct evidence that its various forms were caused by a single 
aetiological agent«
Marek*s Disease and the Avian Leucoses
The similarity existing between the visceral lesions of MD and those of 
lymphoid leucosis led to the two conditions being grouped together under the 
common term Visceral lymphomatosis1.
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Sevoian (1967) pointed out that most haematopoietic tumours tend to 
look and behave alike, and most epithelial tumours tend to look and behave 
alike also<> However, this was not to say that similar haematopoietic 
tumours must necessarily be caused by the same aetiological agent. Sevoian 
argued that aetiology rather than symptomatology should be the criterion 
for the classification of the diseases, however, at that time, evidence for 
the aetiological agent had yet to be produced. Earlier, Seager (1933) Had 
stressed the need for accurate histological examination of the tissues, in 
addition to the gross appearance at post-mortem, in the diagnosis of fowl 
paralysis. Thomas & Hamilton (1935)* in an analysis of one thousand cases 
of fowl paralysis, reiterated the arguments of Seager and specified that the 
principal requirements for accurate diagnosis should involve the eye, central 
nervous system (CNS), brachial and sciatic plexi, autonomic nervous system 
and any tumours present together with a cytological study of the blood.
Opinion soon became divided over whether leucosis and fowl paralysis 
were similar forms of the same condition, or whether they were in fact 
distinct, unrelated aetiologically, and merely produced similar symptoms®
The balance went in favour of the former view about the time of World War II, 
v/hen fowl paralysis, which was the term currently being used to describe the 
condition, was classified with the leucoses (Jungherr, Durant & Lee, 194-i)* 
though Fritzsche two years earlier (Fritzsche, 1939* quoted by Biggs, 1968) 
had proposed that the two diseases were unrelated. The American paper 
received more attention, however, and the term ’visceral lymphomatosis' 
came to cover both conditions. This situation persisted until 1961 when the 
term 'Marekes Disease* was proposed (Biggs, 1961), following the initiative 
of Campbell (1961) who put forward a fresh classification of the leucosis 
complex and fowl paralysis. After the various views had been consolidated, 
the classification of the disease conditions appeared thus (after Biggs,
AVIAN RETICULOSES
LEUCOSIS
COMPLEX
i
Lymphoid
Leucosis
MAREK'S 
DISEASE
Myeloid ro
Leucosis eucosis
Nodular Diffuse Nodular Diffusetfodlij
Ocular Visceral Neural,
i.e. fowl 
paralysis
Other
forms
Sarcomas 
Endotheliomas 
Renal tumours 
Osteopetrosis
As can be seen, MD was taken to include the original fowl paralysis, 
the neural form of the disease which was separable from the others by 
differential histological diagnosis only, as well as the visceral and ocular 
forms of the condition. The term 'lymphomatosis * was then dropped by most 
workers and in the continued absence of a distinct aetiological agent the 
discrepancies between the various types of leucosis and MD were on the basis 
of pathology, field observations, post-mortem examination, age groups affected, 
and the distribution of affected tissues, as well as to a limited extent the 
histopathology*
In 1966 the distinguishing features between lymphoid leucosis, the form 
of leucosis giving symptoms most akin to those of MD, and MD itself were 
summarised as shown in Table I«
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TABLE I
DIFFERENCES BETWEEN LYMPHOID LEUCOSIS AND 
MAREK‘S DISEASE fAFTER BIGGS, 1966)
LYMPHOID LEUCOSIS MAREK *S DISEASE !
Causative Agent Virus. (At least 2 subgroups, 
A and B)
.
Unknown
RIF1 test +
COFAL2 test + -
Cell«*associated agent +
Antibody + +
Pathology Lymphoid and other tumours of 
mesenchymal origin. 
Osteopetrosis.
Lymphoid lesions of 
peripheral nerves and j 
other tissues and 1 
organs.
History of 
lymphoid lesions Blast Cells
Pleomorphic cells 
of variable maturity 
including MD cells*
Epizootiology:
Latent period Long Short
Egg transmission + —
Contagion + +++(highly contagious)
Immunity + Unknown
NOTES: I RIF = Resistance inducing factor (Rubin, I960)
2 COFAL s= Complement fixation test for avian leucosis (Sarma et al. 
1964)
The above comments apply to the form of MD which, in retrospect, was 
that most likely to be encountered during the natural outbreaks and 
artificially induced cases. The leucosis and MD controversy was further
‘ \ '
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complicated in the U.SoA0 by the reported increase in lymphoid tumours 
of young chickens, (Benton & Cover, 1957)o These tumours appeared most 
frequently in the ovary, though breast muscle tumours were also noted 
and the condition, termed 'acute leukosis' in America, was probably 
identical to that described by Biggs and his co-workers in the U.K.
(Biggs et ale 1965)* who considered it a form of MD. The features dis­
tinguishing the'two forms of the same infection were that the original, 
so-called 'classical* form of MD was characterised as a slowly progressive 
infection involving many of the peripheral nerves resulting in a spastic 
or, rarely, a flaccid, paralysis, with little incidence of tumours. The 
'acute* form on the other hand (Biggs et al. 1965) v/as characterised by 
death ensuing soon after infection, even as early as ten days with some 
isolates, and associated with a high incidence of lymphoid tumours, 
principally of the gonads, but with little involvement of the nerves.
The losses from MD in both the U.S.A. and U.K. are generally from the 
acute form0
Causative Agent of MD
It had been suspected for many years that the causative agent of MD 
was a virus, but conclusive evidence had not been forthcoming. In 1932 
Y/arrack and Dalling had excluded the possibility of the disease being 
caused by bacteria through the development of the condition in susceptible 
chickens following inoculation with bacteriologically sterile spleen, lung 
and nerve tissue (Warrack & Dalling, 1932). These authors suggested that 
a 'filterable virus* might be the cause of the disease. They also put 
forward nutritional hypotheses as well as ideas favouring the absorption 
of toxins through the gut wall. The studies of Warrack and Dalling also 
ruled out intestinal parasites as the cause of the disease, though coccidia 
were thought to play a part in the aetiology for some time after this date.
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No evidence for the agent being cither bacterial or mycoplasmal has been 
produced, and though the former are occasionally seen in tumour smears, 
these organisms when isolated in pure culture have never induced MD in 
susceptible chicks*, Confusing claims regarding the filterability of the 
agent were published as early as 1933 (Seager) and 1938 (Fritzsche)# The 
earlier author claimed transmission of the MD agent in material from brain, 
spinal cord and peripheral nerve after it had been emulsified and passed 
through a Berkefeld W (very fine) filter candle, and the later worker made 
similar findings for faeces which had been passed through a Seitz filter#
On closer examination of these experiments however, these claims are not 
substantiated for various reasons, such as the small number of birds 
involved, the absence of adequate controls, and the possibility that the 
test birds were already carrying leucosis virus# Even in more recent work 
conflict is apparent# For instance Sevoian & Chamberlain (1962) stated 
that a suspension of the JM isolate of SID retained infectivity after 
passage through a filter of 0#3 p pore diameter, while Biggs & Payne (1967) 
failed to demonstrate infectivity of a pool of HPRS-B14 following filtration
through a filter of 0#43 p pore diameter. However such contradictory data
■ s
probably reflected the fact that MD, although caused by a virus, required 
viable cells (Biggs & Payne, 1964-) and it was later shown that any treatment 
of infectious tissue, including tumours, which involved the destruction of 
viable cells resulted in the loss of infectivity of the agent (Biggs et al. 
1968)# Experimental transmission of the disease was best achieved either by 
the use of whole blood from an infected bird, or by inoculation of a lOfc 
suspension of a freshly excised tumour#
Though the agent could be propagated in both chick embryos and in 
chickens, it failed to grow in chick embryo fibroblast tissue culture, 
although Churchill & Biggs (1967) successfully adapted it to chick kidney 
monolayer cultures after demonstrating that such cultures from infected 
birds developed a characteristic cytopathic effect# This was observed
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between seven and ten days after the initiation of the infected cultures 
and consisted of foci of rounded refractile cells. Each focus extended 
outwards during the subsequent seven to ten days during which time the 
cells either detached from the surface or retracted and formed highly 
refractile cells which stained very darkly wit'h Giemsa. Cells from cultures 
showing this CPE induced MD when inoculated into susceptible chickens, and 
electron microscopy of thin sections of infected cultures showed the 
presence of herpesvirus particles. Incorporation of 5~iododeoxyurxdine 
into the medium prevented development of the CPE, indicating that the virus 
was sensitive to inhibitors of deoxyribonucleic acid (DNA) synthesis which 
added further evidence that it belonged to the herpes group.
In 1968 Solomon and his co-workers isolated a virus from cases of MD 
after the inoculation of monolayers of duck embryo fibroblast (DEF) tissue 
with blood from infected birds (Solomon et al. 1968; also Nazerian et al. 
1968). A CPE was observed which was similar to that noted by Churchill &
Biggs (1967) and electron microscopy of thin sections of cells showed the 
agent to be a herpesvirus. The infected DEF cultures induced MD when 
inoculated into susceptible chicks. Because of its cell-associated nature, 
the MD virus was placed in Group B of the Herpesviruses (Melnick et al. 1964)*
Since the first successful isolation of the virus in cell culture, many 
authors have reported similar results in DEF and in chick kidney (CK) systems 
(e.g. Mustaffa-Babjee, 1970; Anderson & Sevoian, 1969; Eidson, Fletcher & 
Anderson, 197l)o In addition, the virus has been propagated in quail embryo 
fibroblast cells (Onoda et al. 1970), but in none of these cell systems was 
any cell-free virus detected.
However, following the detection by Calnek & Hitchner (1969) of an 
MD-spccific immunofluorescent antigen in the feather follicle epithelium, 
Calnek, Adldinger & Kahn (1970) showed that the virus could be obtained in 
the cell-free state from the skins of infected chickens. The most suitable
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tissue was the skin from around the feather shafts and virus was obtained 
by ultrasonication of this, or of the whole shaft tips, The cell-free 
homogenate retained its capacity to infect tissue cultures and susceptible 
birds following clarification and filtration through membranes with a pore 
diameter of 0,45/1 and 0o6^p* This finding resolved the apparent paradox 
which had existed regarding the ability of the natural disease agent to 
survive rigorous environmental conditions and remain infectious whereas 
in laboratory studies the agent appeared to be so sensitive. In addition, 
by the demonstration of cell-free virus in the feather follicle epithelium, 
Calnek and his group showed the most likely method by which the virus is 
released from the infected animal, These crucial findings were confirmed 
by Nazerian & Witter (1970)> who proposed a direct relationship between 
the virulence, ability to multiply in the feather follicle, and the 
horizontal transmission of the virus.
Cell-free virus has not been obtained from any other tissue of 
infected chickens, nor in any form of tissue culture, though Cook & Sears 
(1970) had claimed the preparation of cell-free MD virus by the treatment 
of cell cultures with distilled water. Under these conditions infectivity 
titres were found to fall by about one-thousandfold but these experiments, 
hov/ever, have not been confirmed by other workers,
-Pathology and Pathogenesis of Marek*s Disease
The classical form of the disease manifests itself in the peripheral 
nervous system. On post-mortem the affected nerves can be seen to be 
enlarged, sometimes by as much as two or three times their normal thickness. 
Any of the nerves in the peripheral system can be so affected, including 
those in the autonomic system, indeed Goodchild (1969), in an examination 
of 502 cases of neural MD, concluded that the disease could be unequivocally
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diagnosed from the lesions in the autonomic nervous system alone. The 
cocliac plexus was the most frequently involved group of nerves (78/0 of 
cases)* then the cranial mesenteric plexus (637^ ), followed by the greater 
splanchnic nerves (62%) and the vagus nerve (59/£) but the sciatic nerve 
was found to be involved in only 37% of cases, Wight (1962) classified 
the histological lesions observed in peripheral nerves into three types;
(I) those with cellular infiltration and little interneuritic oedema,
(XI) those having interneuritic oedema but little infiltration, and 
(ill) those lesions considered neoplastic, having diffuse infiltrations 
of lymphocytes. Payne & Biggs (1967) as a result of work with the 
HPRS-B 14 strain of classical MD, amalgamated the first and third groups 
of Wight on the grounds that there was no fundamental difference between 
them and referred to the lesion as type A. These workers also described 
a highly basophilic pyrinophilic cellwith a vacuolated cytoplasm which 
they found in certain lesions, apparently unique to the histopathology of 
MD. They called this a rMarek's Disease cell V and its presence seems to 
be pathognomonic of classical MD. Payne & Biggs (1967) also described 
twp other types of lesion, their type B corresponded to the type II lesion 
of Wight, and a third type, type C, were lesions seen in nerves that were 
normal except for small numbers of plasma cells and lymphocytes. Mixed A 
and B type lesions were also found, thus Payne & Biggs tentatively proposed 
that the disease process went from A-type lesion through mixed A and B to 
B-type with the B-type lesion found to be most common in. chickens affected 
by the classical form of MD. As well as the nerve fibres being thickened, 
Sevoian & Chamberlain (1964) found that the dorsal root ganglia may also be 
enlarged in birds suffering from the classical form of MD and that this area 
of the nerve was commonly affected. It is interesting, here, to draw a 
parallel between MD and varicella-zoster infection of humans, where it is
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thought that the dorsal root ganglia are the sites which harbour the virus 
when in. its latent state* Histopathological signs of MD infection in the 
central nervous system are rare, although both classical and acute forms 
of disease have been reported to give rise to lesions of a non-suppurative 
encephalomyelitis (Biggs, 1968)© However, such lesions have also been 
reported in apparently clinically normal birds, but the prevalence of MD in 
the fowl population is so widespread that asymptomatic infections could be 
present and thus could give rise to this particular condition which is only 
detectable on post-mortem. Proliferative lymphoid lesions are occasionally 
seen in the spinal cord and, rarely, in the brain itselfe
Lymphoid tumours may be seen in most other organs, especially so in 
birds with the acute form of the disease© The gonads (in particular the 
ovary) is the organ most frequently involved, and lesions are also commonly 
found in lung, heart, kidney, spleen and liver, and to a lesser extent in 
adrenal, pancreas, proventriculus, intestine, iris, skeletal .muscle and 
skin© The bursa of Fabricius may also be involved and usually atrophies in 
affected birds (Purchase & Biggs, 1967). In severe cases of MD the affected 
organ or organs may be several times normal size, and ischaemic areas may be 
observed. Affected lungs become solidified, and death may ensue through 
respiratory failure, but mature ovaries, though often massively enlarged, 
may continue to function. The heart may show one or more nodular tumours©
The skin of infected birds usually shows swelling around the feather follicles, 
which may then coalesce to form one larger swollen area (Calnek & Witter,
1972)o Microscopically, the affected viscera show lesions akin to those of 
the A-type lesion described for the peripheral nerves, that is to say 
diffusely proliferating lymphocytes and lymphoblasts together with characteri­
stic Marek*s Disease cells. Thus even though the gross appearance of tumours 
from different organs may vary, their cellular composition is often very much 
the same©
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Differences have been detected between strains of the virus isolated 
on different occasions and such variations are exemplified by those reported 
by Biggs & Milne (1972)* They found that in twenty-five isolates there 
were some which produced acute MD with a high incidence of lesions and 
prominent involvement of visceral organs, and others which produced the 
classical type of MD with lymphoid involvement predominantly in the nerves. 
It was also apparent that some isolates were apathogenic. A sub-division 
of the isolates was also possible on the basis of the size of plaques 
produced in tissue culture„ Pathogenicity, plaque morphology and host 
range both in cell culture and in susceptible chicks were among markers 
considered by Purchase (1972) to be worthy of consideration when typing 
different strains of MDV.
As well as the virulent and naturally apathogenic strains of MDV, 
strains exist which have been modified in tissue culture, (see Section C, 
Control of Marek*s Disease) and isolates have been obtained from turkeys 
(HVT) which are antigenically related to MDV. The first reports of these 
were by Kawamura, King & Anderson (1969), and Witter et al. (1970) who 
noted that the virus was apathogenic for both turkeys and chickens, and 
that passage in tissue culture did not alter this. HVT protected chicks 
against subsequent challenge with virulent virus, and this observation 
coupled with the fact that it was also obtained in a cell-free form in 
tissue culture led to its widespread use as the seed for the preparation of 
a vaccine against MD. Another valuable attribute was that it could be 
lyophilized in the presence of a suitable stabilizer and retain Its infec­
tivity (Calnek, Hitchner & Adldinger, 1970). HVT induces no gross lesions 
and only in very few instances have workers found microscopic lesions in 
nerves or other organs of birds infected with HVT (Okazaki, Purchase & 
Burmester, 1970). Indeed, these relatively minor lesions could be due to 
factors quite unrelated to MDV or HVT infection and be merely the natural 
accumulation of lymphocytes in the nerves.
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The pathogenesis of MD has received much attention, but the way in 
which the virus induces the disease process remains obscure* It is accepted 
that primary infection is by inhalation, or less frequently by ingestion 
(see Section C, Epizootiology) but thereafter the pathogenesis has been 
difficult to elucidate because clinical symptoms, especially in the 
classical form of the disease, are the result of damage to the peripheral 
nerves, thus one or more regions or organs may be involved© The first 
clinical signs are typically to do with difficulty in walking or standing, 
which is followed by the extension of one or both legs, while the bird is 
slumped on the ground* Its head may then become lowered, and if the nerves 
to the wings are affected, one or both of these may droop markedly©
Dyspnoea and blindness, accompanied by an iridocyclitis may ensue© The 
acute form of infection usually manifests itself in the comparatively rapid 
development of tumours* It would seem therefore that the symptoms normally 
associated with the classical infection have no time to develop in the acute 
type before death intervenes©
Mention has already been made of the work of-Wight, Campbell, Pappenheimer 
and others concerning the classification of the pathological lesions. It is 
appropriate to reconsider these whilst dealing with pathogenesis, because 
controversy arose as to whether MD is a neoplastic disease or an inflammatory 
condition© Marek (1907) in the original description of the condition drew 
attention to the inflammatory nature of the symptoms, and Lerche & Fritzsche 
(1934) proposed the term neurogranulomatosis infectiosa gallinarum, presumably 
because they observed MD as a chronic inflamination© Campbell (1961) also 
supported the view that the condition was inflammatory, the lesions being of 
unproven origin and stimulating the formation of reactive lymphogranulomata©
He further argued that the oedema, myelin degeneration with fat liberation, 
and infiltration with mononuclear cells of different types, were all features 
characteristic of inflammation rather than neoplasia, and he proposed the
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epithet 'fowl paralysis granuloma1. In contrast, Pappenheimer et al. (1926) 
had proposed the term neurolymphomatosis gallinarum and argued that the 
disease was neoplastic, with the inflammatory changes being secondary 
to the primary (neoplastic) response. Payne & Biggs (1967) in their 
delineation of the microscopic lesions of MD concluded that the condition 
was essentially characterized by a multifocal proliferation of lymphoid 
cells principally in the nerves, but also occurring in the viscera. In 
some cases this proliferation continued to death, while in others it was 
arrested and replaced by inflammatory change. These latter findings seem 
therefore to favour neither one concept nor the other. Payne (1972) viewed 
this argument as being one of semantics rather than one of pathology, 
since MD fulfills many of the criteria of neoplasia, whilst at the same 
time exhibiting changes more characteristic of any inflammatory response.
Controversy has also occurred over the nature of the stimulus for 
the proliferation of lymphoid cells and Payne (1972) has summarised the 
arguments concerning 'intrinsic and extrinsic* causes, that is to say the 
proliferation would result from either altered infected lymphoid cells 
(intrinsic) or an immunological response to the virus infection, for example 
a response to virus infected cells, cell-free virus, viral antigen, antigen- 
antibody complexes, or host antigens released by viral damage to cells 
(extrinsic). Regarding the intrinsic theory, although it is conceivable 
that virus invades the lymphoid cells and induces transformation, electron 
microscope and fluorescent antibody studies have generally failed to demon­
strate either virus or virus-specific antigen within the tumour tissue. Such 
observations do not, of course, exclude the possibility that the viral 
genome may be present, in whole or in part, and that in this form it is 
responsible for a neoplastic response. It would certainly be valuable to 
conduct experiments on MDV and host cell DNA similar to those performed
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by zur Hausen & Schulte-Kolthausen (1970) on the hybridization of 
Epstein-Earr virus DNA and host-cell DNA in order to attempt to determine 
whether the virus is located within or outside the cells0
Co Control of Marek*s Disease
The knowledge of the method by which MD spreads from infected to 
non-infected chickens is critical to the effective control of the disease*
Most of the early literature describes experiments on the transmission of 
fowl paralysis and leucosis and, as has already been seen, the two conditions 
were frequently confused® In more recent years however, better facilities 
have led to better controlled experiments and improved diagnostic criteria 
have given less equivocal results® Several factors affect the incidence 
of the disease in a given population; among these are the genetic line of 
the chicken, as well as its'age, sex, and immune status (Biggs, 1968)®
The strain of virus used may also have a bearing on the infection, and so 
too may the route by which the virus is administered, whether naturally or 
under experimental conditions® Furthermore such features as housing and 
associated parameters have been shown to need careful control and monitor­
ing® Apparently there seems to be little difference between the disease 
process in the field and under laboratory conditions (Sevoian, Chamberlain & 
Larose, 1963)®
The line of chicken used affects both the spread of MD and the severity 
of the disease it produces® Resistant and susceptible lines were bred by 
Hutt & Cole (1947a), and after ten generations the incidence of tumours in 
the susceptible line had increased from 14o6/a to 34©9/o, and in the resistant 
line had decreased from 14©6/& to 8%® Again, the Rhode Island Red (RIR) 
chicken is much more susceptible to infection with MD than is the Brown Leghorn,
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though it is of interest to note that the former line was originally bred 
for its high resistance to avian leucosis0 It was suggested by Hutt & Cole 
(1947b) that multiple gene factors may be responsible for the phenomenon 
of either resistance or susceptibility, though comparatively little work 
has been done on this since.
The route of inoculation and the nature of the inoculum are important 
in epizootiological studies* Before virus was available from tissue culture 
growth it -was necessary to use material from infected birds. The usual 
procedure was to inoculate whole blood or tumour suspensions from other 
infected birds (Biggs & Payne, 1963) and these methods usually gave satis­
factory rates of infection. Calnek & Hitchner (1969), using virus propagated 
in tissue culture, showed that the route of inoculation, while important in 
establishing an infection, made little difference to the eventual pattern 
of virus localisation. They tested various routes including intra-abdominal, 
intra-crop, oro-nasal, intratracheal, ocular instillation, intra-bursal 
inoculation, feather follicle inoculation, intramuscular and intravenous 
injection. Inoculation of the crop was the only wholly unsuccessful method 
and the ocular route was much less efficient than the other routes, all of 
which were effective.
The process of natural infection has been examined by several groups 
of workers. As early as 1933* Seager investigated the possibility that MD 
might be transmitted via the faeces. He emulsified faeces from infected 
birds and inoculated one group of fresh chicks with the emulsion and fed 
the same emulsion to another group and in both experiments fowl paralysis 
resulted. Seager may however, have unwittingly been dealing with a leucosis 
virus, for later experiments on faecal feeding with the HPRS-16 strain of 
acute MD proved inconclusive (Kenzy & Biggs, 1967), but these latter two 
workers did produce unequivocal evidence for the spread of MD by contact.
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An inoculated group of chickens was placed in contact with an uninoculated 
group and left for two weeks. The uninoculated group was then placed in 
contact with a third group of uninoculated birds which developed MD three 
weeks later,. The first group of birds, of course, also eventually developed 
MD. This was repeated over several time intervals, and it was shown that the 
MD agent could be excreted even during the incubation period of the disease, 
that is to say, before clinical symptoms were observed. Sevoian et al, (1963) 
demonstrated the airborne transmission of *avian lymphomatosis* by modifying 
the ventilation systems connecting two Horsfall-type isolator units, one of 
which contained infected chicks and the other contained uninfected birds, 
thus twenty days after exposure, 2^ /30 (80%) of the uninoculated chicks 
showed clinical signs of MD identical to those observed under natural 
conditions or after parenteral administration. Kenzy & Biggs (196?) found 
that oral washings were infective by inoculation of this material into day- 
old Rhode Island Red chicks, but not the litter on which the chicks were 
reared. However Witter, Burgoyne & Burmester (1968) successfully demonstrated 
the presence of the MD agent in both faecal samples and litter, and they also 
showed that the survival of the agent was unrelated to the presence of mites; 
however they suggested that survival might be adversely affected by the 
presence of moisture. In conclusion they proposed that litter and droppings 
were the main potential natural environmental reservoirs of MD, but it was 
the discovery by Calnek et al (1970) that cell-free virus was shed from the 
feather-follicle epithelium of infected birds that resolved the apparent 
paradox that an apparently highly labile cell-associated agent was the cause 
of such a highly infectious disease.
Attenuation, Immunisation and Vaccines
As with any disease which causes high mortality, the need to protect 
chickens against MD has been under active study since its transmissibility
was demonstrated* With MD the situation was more critical because the 
spread was evidently both rapid and efficient. ^
It was well known that serial subculture of pathogenic viruses in 
animals and cell culture led in many instances to a reduction in the 
virulence and this was shown to be so for MDV by Churchill, Chubb &
Baxendale (1969). They subjected the'HPRS-16 isolate of B!D to serial 
passage in chicken kidney monolayers and reported that between the twentieth 
and thirty-third passages three principal changes occurred (a) the virus lost 
its pathogenicity for susceptible chicks after pass 33; (b) the size of the 
plaques, or foci, produced by the virus in cell culture increased; and
(c) that one of three major gel precipitin antigens was lost* The loss of 
this antigen raised very interesting speculations with regard to the 
pathogenicity of the virulent virus. Antigenic preparations obtained from 
chick kidney cells infected with the virulent virus gave three precipitin 
lines, arbitrarily termed Ar B, C, in agar gel when reacted with serum 
from chickens infected with the same virus. However, antigen prepared from 
cells infected with virus after about twenty passages showed only two lines, 
the *A* line having apparently disappeared. Furthermore Churchill, Payne & 
Chubb (1969) showed that chickens inoculated with the attenuated virus did 
not develop MD when challenged with virulent virus either by inoculation or 
by contact with infected birds. Another interesting finding was that after 
challenge the birds developed antibody to the A antigen, thus providing 
evidence that though the attenuated virus may protect against overt disease 
in the bird* it did not prevent the virulent virus from stimulating antibody 
formation. The actual mechanism of protection, however, has yet to be 
elucidated, and before this is accomplished it will be necessary to know 
how the field virus causes disease as well as the precise role played by 
cellular, as well as humoral, antibody.
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The development of attenuated virus from serially passaged virulent 
material in tissue culture, provided the basis for a vaccine. However, 
because the virus was cell-associated, the vaccine had to be a preparation 
of viable cells, which imposed considerable technical difficulties on its 
manufacture and distribution. Similar, but experimental, vaccines have 
been prepared from some naturally occurring ©pathogenic forms of BIDV 
(Blaxland et al. 1972). A third type of vaccine has been prepared from 
the naturally ©pathogenic herpesvirus of turkeys. This virus is closely 
antigenically related to MDV but in contrast to MDV it may be obtained in 
cel1-culture in the cell-free form especially after ultrasonic treatment of 
the cells (Calnek et al. 1970)« The particular advantage of this v/as that 
the product could be freeze-dried and therefore satisfactorily stored at 
ordinary domestic refrigerator temperatures. The protection effected with 
this agent was just as good as that afforded by the various cell-associated 
vaccines and Okazaki et al. (1970) showed that doses of HVT vaccine 
containing 600 p.f.u. v/ould protect day-old chicks against challenge with 
virulent MDV. It was of some interest that Purchase, Okazaki & Burmester 
(1972) showed that a cell-associated preparation of HVT, was even more 
potent, thus 1-5 p®f®u. was enough to protect day-old chicks.
Following the discovery that mature virulent virus particles were
liberated from the feather follicle epithelium (Calnek et al. 1970) it
MbV
was possible to demonstrate that iSS? was liberated even after the challenge 
of birds inoculated with the attenuated agent.
The spread of vaccine virus has only rarely been reported in the case 
of both the attenuated form of BIDV and strains ofv HVT, and even then such
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spread occurred in only a very few 'in-contact* birds (Okazaki et al. (1970) 
A reason for this may have reflected the observations of Nazerian (1972) and
Nazerian & Witter (1970) that complete enveloped virus particles v/ere 
only found in the skins of birds infected with the virulent form of the 
disease but not with the apathogenic forms, and that natural transmission 
was principally by the feather follicle route* It is of interest, in this 
connection, that Purchase & Okazaki (1971) demonstrated the presence of 
virulent MDV in the feather follicle epithelium of birds challenged with 
virulent virus after vaccination with HVT and they suggested that only 
the virulent form of the virus is able to spread because it is only this 
form which is able to mature completely in the feather follicles*
The protection afforded by the various forms of MDV has been frequently 
examined in the field as well as in the laboratory (Blaxland et al* 1972; 
Meulemans et al© 1971; Purchase, Okazaki & Burmester, 197l)o In addition, 
detailed studies embracing parameters other than.protection have been 
carried out both on vaccinated birds and those naturally infected. For 
instance Biggs et al. (1972) studied about 2,000 birds vaccinated with the 
attenuated form of KPRS-16 virus and observed that vaccine viraemia was 
apparent as early as two weeks after inoculation, whereas in animals 
infected with field virus the agent was recovered five weeks after inocula­
tion and at about six weeks in previously vaccinated chicks. The data 
indicated that the level of superinfection with field virus was inversely 
proportional to the level of vaccine viraemia. They also found that 
precipitating antibody to the A antigen was detected at a lower level, and 
later, in vaccinated and challenged chicks. Furthermore, it was also 
observed that at sixty weeks of age mortality from MD was 15*2% and 51*1% 
in vaccinated and unvaccinated chickens respectively, and that there was 
no significant difference in body weight at four and sixteen weeks, though 
at eight weeks body weights of vaccinated birds were 5*6^ greater than those 
of unvaccinated stock. Vaccinated chickens consumed more food than unvacci­
nated ones, and their egg production was greater.
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In connection with vaccines and the control of MD may be considered 
the breeding of stocks resistant to MD# Some mention has already been 
made of this* but it is of interest to note that at least one poultry 
breeding concern has turned from research into vaccines to research into 
the breeding of stock resistant to MD in an effort to eradicate the 
disease (Hunton, 1972)*
Chemotherapy
Some herpesvirus infections, notably herpes simplex, are amenable to 
treatment with certain chemicals, particularly the pyrimidine deoxyribo- 
nucleoside 5~iododeoxyuridine (IUDR) (Herrmann, 1961)* Among the conditions 
caused by oncogenic herpesviruses, Burkitt*s Lymphoma has been shown to be 
responsive to treatment with a variety of chemotherapeutic agents including 
nitrogen mustard,cyclophosphamide, methotrexate, and cytosine arabineside, 
and remarkable degrees of regression of the massively enlarged jaw regions 
in affected individuals have been achieved in very short times (Clifford, 1970)# 
However, little research has been carried out on the chemotherapy of MD. 
Churchill & Biggs (1967) in their description of the isolation of MDV in 
tissue culture used IUDR to demonstrate that the virus replication involved 
synthesis of DNA, but use of this chemical would probably be restricted to 
topical application only because of its potential activity against host DNA 
synthesis* Colmano & Gross (1971) evaluated the activity of dichloro- 
diphenyldichlorcethane (DDD) in chicks to v/hich it was fed before infection, 
and observed increased resistance to BID. Indeed, administration of this 
chemical even after exposure to MD resulted in a marked decrease in the 
incidence of tumours. Hov/ever no ready explanation of the virological or 
immunological levels is forthcoming. The chemical had a more general than 
specific action, for an increased resistance to infection with Mycoplasma 
gallisepticum was also demonstrated, though resistance to infection by E. coli
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was decreased. DDD blocks production of adrenal steroids, and thus the 
synthesis of corticosterone would be reduced, and it is possible that 
high rather than low levels of corticosterone induce higher resistance to 
bacterial infections, but, in contrast, resistance to virus and mycoplasma 
infections was greatest when corticosteroid levels were low, whether these 
levels were brought about naturally by presence of stress factors or 
chemically by the administration of DDD.
Statolon, a mycophage with double-stranded ribonucleic acid (RNA) 
appeared to stimulate natural resistance to ?*iD (U.S. Pat. 1972) and its 
mode of action would seem to be connected with the induction of interferon 
in the embryo or the newly hatched chick. It was stated that one adminis­
tration was enough, and this could be by any one of the three ways, viz. 
dipping eggs into an aqueous solution of statolon, inoculation of chicks 
between 1 and 7 days of age, or by inoculation of 17-day embryos. As with 
the DDD trials, the theoretical possibilities of the mode of action of the 
chemotherapeutics are interesting but as yet largely uninvestigated, and 
the poultry industry as a whole seems unwilling to accept them.
D» Interference and Interferon
The induction of interferon by MDV has been studied by Kaleta & 
Bankowski (1972 a, b). They found that low passage MDV induced interferon 
production continuously over 11 days in CK cultures and CEF cultures, but 
that high passage virus produced little or none. This is an interesting 
reversal of the usual finding that attenuated viruses produce more inter­
feron. During serial subculture of the virus the drop in interferon 
production was gradual, end paralleled the increase in plaque size. Kaleta 
& Bankowski describe this change as being from type 1 plaque-producing to 
type 2, and it was probably the same phenomenon as that described by
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Churchill et al. (1969) in the transition from microplaque to macroplaque 
varieties of BIDV. It was further found that in vivo there was a peak of 
circulating interferon in 2-days old and 5~weeks old chicks inoculated with 
low-passage virus as soon as seven to eight hours post-inoculation, and a 
second peak five to six days after the first response (Kaleta & Bankowski, 
1972b)o High passage MDV and HVT induced no interferon. Hong & Sevoian 
(1971) showed that interferon production reached higher levels in birds of 
the MD-resistant K-line than in S-line birds which were susceptible to the 
disease, and they proposed that this resistance might be due, in part at 
least, to higher levels of interferon production in the experimental birds.
HVT was found to produce no interferon in either cell culture tested.
No further conclusive studies on interferon induction and 1© have been 
reported, and viral interference has received similar scant treatment*
Box, Furminger & Warden (1971)» however, reported one study on the immuni­
sation against Newcastle Disease in the presence of MDV vaccine, and found 
that there was little or no interference, the use of the two vaccines being 
quite compatible.
E. Biochemical aspects of herpesvirus infections
Studies with MDV have considerable potential value because of the 
light they may throw on the mechanisms of oncogenesis. However the close 
cell-associated nature of the virus has made such studies very difficult 
and a detailed examination of the processes involved with infections by 
herpes simplex virus has been necessary in order to interpret the observations 
on MDV and associated agents.
Certain comparative features of the replicative process have been
examined extensively and in particular the synthesis and incorporation of 
proteins. Comparative studies of the deoxyribonucleic acid of MDV and other
23
herpesviruses have also provided illuminating data with regard to host-cell 
specificity and potential oncogenicity* Another area of interest has been 
the study of the affect of herpesvirus infections on the cell membranes* 
Synthesis and incorporation of proteins
Herpesviruses have the property of initiating either productive or 
non-productive infections and an invariable consequence of productive 
infection is the death of infected cells, probably because of the inhibition 
of host macromolecular synthesis. Non-productive infection produces no viral 
progeny, either infectious or non-infectious and it is thus distinguished 
from restrictive, or abortive, infection, where small amounts of virus may be 
manufactured. In productive infection (Roizman, 1972) virus particles enter 
the cytoplasm and become partially uncoated following which the genome enters 
the nucleus and is transcribed to produce virus-specific RNA which is then 
passed back to the cytoplasm. Here it enters free and membrane-bound poly­
somes vjhere it directs the synthesis of both structural and non-structural 
viral proteins, which then experience slow and selective migration (Spear & 
Roizman, 1968) to the nucleus.
Fujiwara & Kaplan (1967), also showed that there was a flow of newly- 
synthesized protein from the cytoplasm into nucleus in cells infected with' 
HSV. Furthermore they confirmed their pulse-chase results by autoradiography, 
but attempts to trace the flow by indirect serological precipitation test 
failed because the immune serum produced against HSV reacted only with 
aggregated viral protein sub-units, but, inexplicably, not with the individual 
proteins, Host of the proteins that were followed by radioactive tracer 
techniques from cytoplasm to nucleus (‘chasing’) were identified by Spear & 
Roizman (1968) as viral structural proteins with sizes up to 125,000 daltons, 
Shimono, Ben-Porat & Kaplan (1969) in experiments on rabbit kidney cells 
infected with pseudorabies virus also identified virus protein by polyacryla­
mide gel analysis. One of the proteins had a molecular weight of 120,000
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daltons, and made up a major component of the virus particles. They also 
detected smaller proteins and showed by comparison of experimental with 
control preparations that relatively large amounts of protein were 
synthesized by infected cells which were not incorporated in the virion*
The number and function of these non-structural viral proteins was uncertain, 
and it was thought that some were enzymes which assisted in the assembly of 
the capsid* In this respect it is interesting that increased levels of 
enzymes have been detected in KID tumours by various tests* Thus, Mandel, 
K&cker & Maag (1971) for example, found increased levels of transfer RNA 
(tRNA) methylase in tumours from birds suffering from MD* The tRNAs of 
several other types of tumours had previously been found to contain elevated 
levels of methyl bases, and increases in tRNA methylases had been reported 
for a variety of animal and human tumours (e.g* Gantt & Evans, 1969)#
Mandel et al* measured the in vitro tRNA methylase activities in kidney and 
liver homogenates from MD chicks and found that they were up to three times 
the levels found in homogenates from non-infected birds* Enzyme levels were 
highest in tumour nodules separated from the surrounding tissue prior to 
homogenisation* RNA methylation plays a role in three ways: amino-acid
acceptance, codon recognition, and the binding of the tRNA to the messenger/ 
ribosome complex*
Robinson & Watson (1971) carried out extensive purification and analysis 
of the structural proteins of herpes simplex virus and found that herpes 
simplex nucleocapsids were composed of at least eight, and possibly as many 
as eleven, polypeptides* These authors took careful account of the comments 
made by Roizman (1969) that there was a tendency for such virus preparations 
to remain contaminated with debris from uninfected cells, and that great care 
was necessary in the preparation of purified virions* Spear & Roizman (1972) 
denatured and solubilized specific viral proteins with sodium dodecyl sulphate
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and yS-mercaptoethanol at 100° and identified twenty-four structural 
polypeptides and glycoproteins by polyacrylamide gel analysis. Furthermore, 
they demonstrated that cellular proteins were not incorporated into the 
virion.
Chen et al* (1972) grew the GA strain of MDV in DEF cultures and 
recovered virions from both medium and cells, though the yield from medium was 
minimal. This was followed by precipitation of viral protein with ammonium 
sulphate. The precipitate was purified by centrifugation in a sucrose 
gradient and yielded a preparation suitable for polyacrylamide gel analysis. 
Viral protein was obtained from cells after their disruption by treatment 
with hypotonic buffer followed by homogenisation. The product was then 
treated with Nonidet P.40 detergent, purified by centrifugation in a sucrose 
gradient and analysed by PAGE. Eight distinguishable bands were obtained 
from virus harvests and the proteins were called VP I-VIII0 VP I and VP IX 
represented 35?® of the total' protein, whilst VP V, VI and VIIX together 
represented 33/®» The other bands accounted for the rest of the protein.
Thus, as \?ith herpes simplex and pseudorabies, it seems that there are one 
or two major proteins accompanied by several minor ones. Chen et al (1972) 
postulated that VP II and VP IV were envelope components.
Roizman (1972), in reviewing biochemical features of herpes-infected 
cells, pointed out that the synthesis of DNA starts after that of protein, 
and the structural proteins which have migrated to the nucleus apparently 
combine relatively inefficiently with the newly synthesized nucleic acid to 
form the capsid, in the sense that only a small proportion of both the 
available DNA and protein combine to form complete and infectious virus 
particles, and that it is possible that this inefficient process in part 
accounts for the frequently observed aberrant forms of herpesviruses seen
26
under the electron microscope. The nucleocepsids acquire an envelope
or
as they bud through the nuclear membrane , the characteristic Jtflcac. cntE**: 
outer envelope is acquired from the plasma membrane® -
0 ‘Callaghan, Rogers & Randall (1972) reported the amino acid 
constitution of equine abortion virus (EAV), propagating the virus in 
Syrian hamsters. The viral protein was purified by centrifugation in 
sucrose and potassium tartrate gradients. The products were subjected to 
acid hydrolysis to release the constituent amino acids which were then 
assayed by autoanalyser. This revealed that there were more acidic residues 
present than basic ones, and there was a comparatively high content (5 *6$) 
of proline. It was also found that, in common with other animal viruses, 
very few sulphur-containing amino acids were present. EAVwas found to 
contain twice as much arginine as was present in'many RNA viruses and this 
was nicely correlated with the fact that certain cell cultures fail to 
produce virus if there is no arginine present in the culture medium possibly 
owing to the reduced ability of the viral proteins to migrate to the nucleus 
(Mark & Kaplan, 1971). In a particularly probing study Courtney, McCombs & 
Benyesh-Melnick (1971) monitored HSV protein synthesis in the presence of 
media containing arginine and free of it. Analysis of viral proteins by 
polyacrylamide gel electrophoresis showed that eleven protein bands attribu­
table to virus were regularly detectable, both from cultures with and without 
arginine. However in the arginine-free cultures the protein levels were much 
lower but there was a marked increase in the synthesis of protein in the 
nucleus after as little as one hour after the addition of arginine. Becker, 
Olshevsky & Levitt (1967) found that omission of arginine from the culture 
medium did not apparently affect the synthesis of viral DNA, but only 
prevented the formation of virions, and the addition of arginina rapidly
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resulted in stimulated protein synthesis which was followed by the 
maturation and release of virus particles, Mark & Kaplan (1971) in a 
study with pseudorabies virus found that, in the absence of arginine the 
yield of infectious virus was reduced by more than 95/£* However, the 
production of viral DNA and protein was only decreased by 65% and 50/& 
respectively and analysis of the proteins showed that the same ones were 
present in virus whether the cells were or were not supplied with arginine* 
What they did find was that the proteins, in the absence of arginine, did 
not migrate to the nucleus from their site of synthesis in the cytoplasm 
so they suggested that this migration was controlled by a single arginine- 
dependent protein which acted as a condensing factor, reducing the concen­
tration of unassembled proteins in the nucleus and thus favouring the 
continued diffusion of cytoplasm-synthesized protein to the nucleus. They 
further suggested that this protein would itself have to be synthesized in 
the nucleus in order to draw proteins through the nuclear membrane in contrast 
to the structural proteins being concurrently synthesized in the cytoplasm.
The study of non-productive infections by herpesviruses have also 
provided valuable data about the synthetic processes. In such infections, 
synthesis of viral protein appears to be minimal or absent, and cells 
harbouring the viral genome can be induced to yield infectious virus only 
under certain conditions. Two natural, in vivo, examples of non-productive 
herpes infections are herpes simplex and herpes zoster infections in man, 
where one often observes the latent period during which no virus can be 
recovered by normal methods. An in vitro example was demonstrated by 
zur Hausen & SchuIte-Holthausen (1970) when they found the Epstein-Barr 
virus (EBV) genome in the *Raji* line of cells, which were previously 
thought to be free of the virus.
The relationship between productive and non-productive infections and 
their oncogenic potential is interesting. In many oncogenic conditions,
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including MD, no virus can be detected in the tumours, although virus 
particles and infectious virus may be present in many other tissues and 
organs of the animal© There is, however, little other information on 
the oncogenic nature of herpes viruses which unequivocally links tumour 
formation with productive or non-productive virus infection, but it seems 
that non-productive infections are the ones more likely to give rise to 
oncogenic functions, because, as has been discussed earlier, the productive 
infections are invariably lethal.
After infection of the cell the syntheses of host DNA and host 
protein were both curtailed soon after virus entry and this inhibition 
was complete within 3-5 hours, and the RNA metabolism was also drastically 
altered (Roizman, 1972). ,
Roizman (1972) argues that much of the behaviour of neoplastic cells 
could be accounted for by changes in the responsiveness of the plasma 
membrane to external stimulation, that this region of the cell could 
invariably be involved in the transformation process.
Comparative studies on the deoxyribonucleic acid of MDV and other 
herpesviruses
A comparison of the composition of the DNA of different viruses may 
throw light on their genetic relationship. One particularly useful test 
is an analysis of the proportion of guanine plus cytosine that is present 
and in the herpes group there is a spectrum of values ranging from 45^ to 
74^ (Bachenheimer et al. 1972).
Values for representative herpesviruses some of which are associated 
with neoplastic disease are given in Table II.
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TABLE II
GUANINE+CYTOSINE VALUES OF SOBIE MEMBERS OF THE HERPES GROUP 
(AFTER BACHENHEIMER ET AL. 1972)
Virus G+C (moles %)
Pseudorabies 74
Infectious bovine rhinotracheitis 71
Herpes simplex type 1 69
Herpes simplex type 2 67
Bovine mammillitis virus. 64
Burkitt *s Lymphoma virus 57
Equine abortion virus 57
Human cytomegalovirus 57
Vervet monkey virus 51
Marck*s Disease virus 47
Herpesvirus of Turkeys 47
Frog herpesvirus (Lucke) 45
By these results Bachenheimer et al. (1972) demonstrated that (a) there 
is a spectrum of G+C values throughout the herpesviruses and (b) no 
relationship exists to indicate any difference between oncogenic and 
non-oncogenic types with respect to nucleotide content. They also pointed 
out that such findings do not support the hypothesis that herpesviruses 
associated with neoplasia have a common derivation or share unique physical 
properties not shared by other herpesviruses.
The oncogenic potential of a virus does not appear to be linked in any 
obvious way with either the size or construction of its DNA. Bachenheimer 
et al. (1972) also used the DNA-DNA hybridization test to study the relation­
ship of the viruses and showed that MDV was quite distinct from the closely
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related HSV types 1 and 2. Zur Hausen & Shulte-Holthausen (1970) had
also found a lack of homology between the DNAs of HSV and EBV and between
those of MDV and EBV♦ Thus it seems that tumourgenicity is not reflected
in a common chemical constitution of the DNA molecule but rather in the
occasional unusual results of its replication and the synthesized products*
Any unique ‘oncogenic factor* has yet to be defined*
The size and composition of the DNA of MDV was determined by Lee et al*
(1971)* The JM strain of virus was propagated in DEF cultures. The authors
found that in sucrose gradients of neutral pH the purified DNA had a
sedimentation constant of 56s, corresponding to a molecular weight of 
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1.2x10 daltons. They further found that the DNA was double-stranded and 
not cross-linked. Centrifugation in caesium chloride gradients yielded a 
density value for the DNA of 1.705 gms/cc, corresponding to G+C value of 
46-47%. .
Alterations in membranes of cells infected with herpesviruses
The transformation of cells by oncogenic viruses results in alterations 
in certain properties of the membranes. One of the commonly detected altera­
tions is the acquisition of new antigens unique to the infected cells. With 
regard to MDV, Ahmed & Schidlovsky (1972) demonstrated a new antigen on the 
surface^of cells which were actively synthesizing the virus by reacting these 
cells with MD serum which had been conjugated with fluorescein. Control sera 
gave no reaction and no reaction was reported for tests done on uninfected 
cells© Furthermore in thin sections of infected cells examined in the 
electron microscope they observed that the antigen/antibody complex formed 
an electron-opaque coating at the plasma membrane. The same sera were also 
shown to contain fluorescent antibodies to specific intracellular antigens. 
Analogous studies on HSV were performed by I to & Barron (1972). They used 
a mixed agglutination technique in which HSV antigen on the cell surface is
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detected by the degree of binding of rabbit anit-HSV serum to the cells, 
this latter reagent itself being detected by agglutination of sheep 
erythrocytes sensitized first with rabbit anti-sheep serum and then with 
goat anti-rabbit serum. They showed that the membrane antigen was 
unaltered after exposure to 56° for JO rain, formalin, 10 periodate for 
15 min at 250 a n d 2 , 4 ”*dinitrophenol for 1 h at 36°* but was destroyed
n
by acetone and ethanol. The synthesis of the surface antigen preceded 
that of infectious virus, and required active protein synthesis although 
DNA synthesis was not apparently a prerequisite of antigen formation. This 
non-requirement for DNA synthesis in the manufacture of membrane antigens 
was also noted by Yata et al. (1970) and by Gergely, Klein & Einberg (1971) 
in studies on EBV. In these experiments, in which cytosine arabinoside or 
iododeoxyuridine was used to inhibit DNA synthesis the manufacture of viral 
capsid antigens was certainly dependent on DNA synthesis, but the synthesis 
of the so-called 'early* antigen and membrane antigen was not, and this 
would imply therefore, that membrane antigen synthesis occurred comparatively 
early in the replication cycle. Gergely et al. (1971) suggested that the 
alteration in the plasma membranes caused by the synthesis and incorporation 
of this antigen is an early function not associated with the cytolytic and 
productive functions of the virus. It is not clear, however, whether the 
antigens are viral proteins inserted into the otherwise unaltered membrane, 
or true modifications of the membrane brought about by glycosylating 
enzymes (Roizman, 1972). It does seem, however, that virus-induced membrane 
changes are associated with the initiation of the oncogenic process, although 
there is probably no single key factor responsible for the changes in cells 
which cause tumours to form.
32
F* Immunological features of infections with MDV 
and other herpesviruses
A comparison of the antigenic compositions of several herpesviruses 
have been widely studied* Several different immunological techniques have 
provided evidence for marked inter-relationships between members of the 
group* ^his evidence has confirmed, or has been confirmed by, data obtained
by biochemical studies of herpesvirus nucleic acids* Brunei1, Granat &
*
Gershon (1972) working with varicella-zoster, observed five precipitin lines 
in a gel test* Furthermore, infectious material could be isolated and 
extracted on sucrose gradients* Treatment of this infectious material with 
0ol% deoxycholate released antigens which corresponded to three of the 
precipitin lines. Antigenic cross-reaction among various members of the 
herpes group have also been tested. Krech & Jung (1971) claimed a relation­
ship by complement-fixation tests between human cytomegalovirus, HSV, and 
varicella virus, though it is open to question whether or not some individ­
uals bled for serum to one of these agents did not^already have antibody to 
one or both of the others* Stevens, Kottaridis & Luginbuhl (1971) were 
unable to find any relationship between EBV and MDV by either immuno­
diffusion or immunofluorescence tests. Schmidt, Lennette & Magoffin (1969) 
showed that 23/75 patients with HSV infection gave a concurrent rise in 
complement-fixing antibody titre to varicella virus, and 5/42 patients 
6howed the reverse traits* There had been previous histories of infection 
with the heterologous virus in each case, however, and it is open to question 
what was actually being measured. Watson et al (1967) studied the relation­
ship between HSV and herpes B virus by reciprocal K values calculated from 
serum neutralisation tests. Serum against HSV showed significant neutrali­
sation of B virus antigen, showing that these are antigenically related, 
and serum raised against B virus gave better neutralisation of HSV antigen 
than it did of B virus antigen (K values 1©9 as against 0©6), and Watson et al.
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(1967) concluded that there was at least partial identity between the 
two types, and this was subsequently confirmed by immunodiffusion tests* 
Kirkwood, Geering & Old (1972) also using immunodiffusion, demonstrated 
a group-specific antigen derived from nucleocapsids which gave reaction 
of identity between Luck& virus, MDV, EBV, HSV types 1 and 2and the virus 
of nasopharyngeal carcinoma. By indirect immunofluorescence and immune 
electron microscopy, Ross# Frazier & Biggs (1972) demonstrated that HSV 
types 1 and 2 MDV, HVT, pseudorabies and EBV were related antigenically, 
though the reactions were graded, the MDV and HVT showing closer affinities 
to one another than to the mammalian viruses. There thus exists a certain 
degree of homology between members of the herpes jgroup, and this homology 
is detectable in many instances.
With particular regard to MDV, Chubb & Churchill (1968) reacted serum 
from chickens infected with the virus against cells infected with MDV in a 
gel diffusion test and detected one or more bands. Later, Churchill et al.
(1969) extended this work by testing sera prepared by the hyperimmunisation 
of a cockerel with infected cells disrupted by freeze-thawing against the
s'
homologous antigen, and demonstrated three lines of precipitation. These 
components were regarded as' separate antigens and arbitrarily called A, B 
and C. After serial subculture of the virus in cells the A antigen was 
eventually lost or diminished. This antigen loss which occurred after twenty 
to thirty passages in chicken kidney tissue culture was also accompanied by 
a change in the plaque morphology induced by the virus in cell culture, as 
well as by the loss of pathogenicity of the virus for chicks.
Okazaki, Purchase & Noll (1970) worked out the optimum conditions under 
which the gel diffusion test should be performed. They used agar at a 
concentration of 1*0% and sodium chloride at 8%, made up in a sodium-potassium 
phosphate buffer of pH 7©4 a**d the test was incubated for 72 h at 57° in a
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humidified chamber, Kottaridis & Luginbuhl (1968) detected virus-specific 
antigens by immunofluorescence, and Purchase & Burgoyne (1970) used infected 
tissue culture as antigen in an immunofluorescent test they claimed was 
more sensitive than the conventional gel diffusion procedure. This technique 
has been the subject of study of several authorso Stone & Holly (1972) 
prepared antigen from CK cells infected with virulent MDV and obtained sera 
from birds infected with virulent virus. They found an increase in serum 
titres (by dilution/axtinction procedures) up to 4-8 hours after the initia­
tion of the test, and a decrease thereafter, possibly due to the formation 
of aggregates too small to remain fixed in the gel. Immunofluorescence has 
been successfully applied for the identification of virus in infected birds, 
Calnek & Hitchner (1969), used conjugated serum prepared in chickens after 
immunisation with whole virus, and the agent was detected in the medullary 
cells of the bursa of Fabricius as well as in the kidney cells, thymus, 
spleen, gonads, nerves and thyroid. The only tissue shown to be consistently 
infected was the feather follicle epithelium,and the tumour cells did not 
fluoresce at all,
Spencer & Calnek (1970) found specific fluorescence in the cytoplasm 
and nucleus of CK and DEF cells infected with MDV, and Nazerian & Purchase
(1970) performed some elegant studies combining immunofluorescence with 
electron microscopy, DEF cells infected with virulent MDV were first 
examined by immunofluorescence when it was found that many of the cells in 
the immediate vicinity of the microplaque were morphologically unaltered 
but contained immunofluorescent antigens. This indicated that the synthesis 
of antigen took place in the cells before the syncytia were formed or other 
morphologic alterations occurred, Nazerian & Purchase also found that the 
immunof luorescent antigens were found more frequently in the cytoplasm than 
in the nucleus of infected cells. They took the cells which had been studied
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under the fluorescence microscope and examined them by electron microscopy* 
Fluorescence microscopy revealed two morphologically distinct formations 
occurred in the cytoplasm; one showed well separated discrete granules in 
the perinuclear region, and in the other, a diffuse powdery mass was spread 
throughout the cytoplasm, concentrated particularly in cells at the centre 
of the syncytium. Under the electron microscope the granular area in the 
perinuclear region was found to consist of osmiophilic particles 10-20 run 
in diameter but no virions were visible* These observations had an interes­
ting parallel with studies on the Epstein-Barr (EB) virus (Epstein & Achong, 
1968), where the presence of immunofluorescent antigens specific for the 
EB virus was confirmed by observation of the virion under the electron 
microscope* In similar studies Ahmed et al* (1970) found that cell cultures 
derived from kidney tumours gave a positive reaction in the FA test with 
sera from MD-infected chickens and that this was restricted to cells harbour­
ing MDV* Electron microscopy shov/ed that the immunofluorescence-positive 
sera readily coated the capsid and envelope of the herpesvirus particles, 
thus indicating that at least part of the antibody elicited against MDV is 
against viral protein. As with other workers, attempts to demonstrate 
antigens directly in tumours failed, although cultivation of tumour cells 
on chick kidney monolayers produced antigens in three days even before a 
CPE was seen, which was usually at five days* Eidson et al. (1971) extracted 
virulent MDV precipitin antigens from the skins of infected birds and they 
also showed that vaccination with HVT did not prevent super infection with 
virulent MDV which was found in the skin.
Purchase & Burgoyne (1970) obtained a 92% correlation between gel 
precipitin and indirect fluorescent antibody tests (FAT) in 418 tests and 
the indirect FAT was much more sensitive than the gel precipitin test in 
that antibody was detected sooner in infected birds. The tests were also
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applicable to the detection of maternal antibody in chicks from dams 
belonging to flocks infected with MD, and again the indirect FAT was more 
sensitive in that maternal antibody was detectable for longer*
Purchase, Burmester & Cunningham (1971) found that the capacity of a 
strain of virus to elicit A antibody in the infected animal or induce the 
production of A antigen in cell culture was not correlated with virulence* 
Thus after careful cloning procedures these authors demonstrated that 
stocks ©f virulent MDV contained, in addition to A antigen-producing virus, 
virus incapable of inducing the synthesis of A antigen, though retaining 
pathogenicity* Basically the clones could be divided into three groups; 
those pathogenic strains which either possessed the A with other antigens, 
and those which lacked the A antigen, and a third group which contained HVT, 
which, in both cell and supernatant preparations had an A antigen demonst­
rable in the immunodiffusion test with at least one component which was 
shared with one or more of the components of the A antigen possessed by the 
clones of the first group* This was one of the first indications that the 
A antigen had more than one component and added to the total of the number 
- of antigens which were either associated with the virus or the cells in 
which it was cultivated*
With regard to the virulent form of MDV, in culture, supernatant 
preparations yielded mainly the A antigen with low concentrations of B 
antigen occurring only rarely, indeed the B and C antigens were usually only 
found in cell preparations* With strains where A antigen is apparently 
absent this could reflect on the insensitivity of the detection procedures* 
The detection of antibody formed against infections with different 
forms of MD has also been accomplished by complercent-fixation (Cho &
Ringen, 1969), indirect haemagglutination (Eidson & Schmittle, 1969;
37
Hong & Sevoion, 1972; Zacharia, 1971) and, the neutralization tests 
(Calnek & Adldinger, 1971)* in the latter case only with strains of virus 
which occur in the cell-free form.
Calnek (1972) studied the development of active antibody in four 
strains of chicks exposed to MD at four or eight weeks of age, and found 
that the development of precipitating and neutralizing antibodies were 
independent of one another. Precipitating antibody appeared more frequently 
and earlier in one relatively resistant and one susceptible strain of bird, 
but appeared rarely and later in the disease cycle in another resistant and 
another susceptible strain. Furthermore there was no correlation between 
the presence of this antibody and survival of the animal. However, it was 
interesting that neutralizing antibody occurred in almost all the geneti­
cally resistant birds, and hardly at all in the susceptible chicks. This 
correlation betv/een presence of neutralizing antibody and survival seems 
to point to neutralization of virus as one of the mechanisms of immunity to 
MD. Calnek pointed out three possible ways in which the immunological 
system responds to MDV; (a) that certain birds, the so called 'susceptibleV 
strains, could have genetic defects in the immunogenic systems, which would 
prevent antibody synthesis and thus allow MD infection to proceed unchecked;
(b) a genetically controlled defect in the system might occur, but be quite 
unrelated to the resistance or susceptibility of the birds to MD infection, 
for instance the apparently anomalous results regarding the precipitating 
antibody mentioned.above could be explained in this way; (c) immunological 
paralysis may occur in chicks which are subject to severe infection early 
in life. This paralysis could result from the destruction of various cells 
associated with antibody production, such as the bursa of Fabricius, the 
thymus or the spleen, which all appear to attract virus early in the infection.
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In studies on the vaccination of birds there is a problem related to 
the selection of the most suitable age for vaccination* If young chicks 
are selected then the presence and level of maternal antibody has an obvious 
importance because a dose of vaccine which would protect chicks free of 
maternal antibody would be unlikely to be suitable for those birds having
maternal antibody in v/hich there would be some neutralization of the vaccine*
Spencer & Robertson (1972) observed that day-old chicks with maternal anti­
body were not significantly protected against MD when vaccinated with an 
attenuated strain of MDV even when inoculated with more than 5*000 plaque- 
forming units of virus. Zygraich & Huygelen (1972) reported that in terms 
of titre obtained in serum neutralization tests, chicks from HVT-vaccinated
hens responded to vaccination with HVT in exactly the same manner as chicks
from non-vaccinated hens. The full effect of maternal immunity on vaccina­
tion and infection by virulent virus has yet to be established.
MD has an immunosuppressive effect and the disease is also affected by 
immunosuppressants. Purchase, Chubb & Biggs (1968) studied the immuno­
suppressive effects of acute MD, and found that both the primary and secondary 
responses to immunisation with bovine serum albumin were depressed. Further­
more, skin-graft rejection was delayed and the graft-versus-host (GVH) 
reaction of blood lymphocytes was enhanced. From these data they concluded 
that both the bursa and thymus were involved in the immune response of MD 
with the bursa involved as an early controlling factor in humoral response, 
and thymus as controlling the cellular response. No decrease in y -globulin 
was observed. Burg et al. (1971) studied the activity of the bursa by the 
ability of the host to produce antibody to sheep erythocytes, and the 
activity of the thymus was estimated by the response of cultured spleen 
cells to phytohaemagglutinin and under these conditions they concluded that 
both thymus- and bursa-dependent systems are impaired in MD. Kleven, Eidson 
& Anderson (1972) demonstrated that MD impaired the development of antibody
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in chicks infected with Mycoplasma synoviac up to one week after infection 
with this agent* They also found that day-old birds inoculated with HVT 
did not produce antibody to Mycoplasma synoviae as efficiently as unvacci­
nated birds* toit/since tb*>FC~bits4s--werte not- ehorilcngod-^fitrh virulent wl*rtrisr.
.  ^ M«Ae m/
|lt was not possible to tell whether HVT was a slightf immunosuppressant-er 
whether— the-viru^-acted ■b3f--redncing the more marked immunosuppressive 
effect- of virulent MDV* King, Loan & Anderson (1972) showed that anti- 
lymphocytic globulin (ALG) effectively inactivated the immune mechanism of 
the host, and that the lymphoproliferative lesions caused by the disease 
were significantly reduced in birds treated with ALG*
Though MD may have an effect on the bursa and thymus, the removal of 
these organs prior to infection with MD seems to have little or no effect 
on the course of the disease* This is in contrast to lymphoid leucosis, 
where removal of the bursa prevents the disease entirely. Fernando & Calnek
(1971) performed bursectomy by surgery and X-irradiation, these procedures 
being carried out separately or together, and monitored the effect by 
measuring the ability of the birds to produce antibody to killed Salmonella 
pullorum antigen as well as to bovine serum albumin* The incidence of both 
gross and microscopic lesions caused by infection with virulent MDV was not 
altered appreciably from untreated controls in either resistant or suscept­
ible birds*
Consequently it is still not possible to decide whether the immune 
response of the chicken to infection with MDV is humoral or cell-based.
But from these studies and others (e.g. Purchase et al* 1968) it is probable 
that it is a mixture of both, one type of immune response predominating at 
one stage of the disease, and the other taking over at another stage* 
Alternatively the response may be primarily dictated by the age of the bird* 
Nor is it possible to be certain how vaccination functions, for instance
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whether viral interference plays a part* or if cellular or humoral 
immunity to vaccination is mainly responsible for the protection against 
MD. •
G. The Project
Though considerable data has accumulated since the original descrip­
tion of MD, there remain important areas for research. The aetiology, for 
example, still has unresolved aspects, such as the factors responsible for 
the cel1-association of the virulent virus in culture in contrast to those 
factors effecting the release of infectious HVT from the cell; and the 
reasons why the agent is able to mature fully only in the epithelial cells 
of the skin and feather follicle. Regarding the pathogenesis of MD, the 
mechanisms of tumour induction and formation, and the relationship of these 
processes to other features of pathogenesis have yet to be clearly delineated; 
the functions of cell membranes have been investigated with respect to the 
transformation process in cancers other than MD, so perhaps they have a part 
to play here also.
The immunology of MD is an area in which much research has been done 
and it was one aspect of this which provided material for the present research. 
Reference has already been made to the A antigen (Churchill et al. 1969) and 
when these studies began it v/as considered to be an antigen produced by 
certain cell cultures when infected with the virulent fora of MDV, and was 
detectable by conventional immunodiffusion procedures. Production of anti­
body to this antigen was therefore considered to be evidence for infection 
with virulent MDV. Little more was known, however, either of its own nature 
or of its relationship to the virus particle. It v/as decided therefore to 
produce A antigen from different sources, purify it and characterise it as
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fully as possible* in the hope of being able to shed light on this 
particular aspect of Marek's Disease# In addition it.was hoped to be 
able to relate the antigen to the virus particle in some way, and to 
discover its role in the natural infections of chickens with MDV«
It was necessary to attend to the development of methods for the 
study of the A antigen because of the absence of definitive work in this 
field# Consequently, preliminary techniques were often subsequently 
improved as a result of data later obtained# Thus this report has been 
laid out in a relatively unconventional manner, whereby in many Sections 
methods and results are included together, and findings also discussed, 
before proceeding to the following Section#
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SELECTION AND STANDARDIZATION OF CELL CULTURES
Chick Kidney (CK)
Kidneys were obtained from chicks of various ages# These were 
hatched from specific pathogen-free (SPF) eggs*5 known to be free of viruses 
of the leucosis group, infectious bronchitis, infectious laryngotracheitis, 
Newcastle Disease, Marek*s Disease, avian encephalomyelitis, reticulo- 
endotheliosis virus, poxviruses, infectious bursal agent, Mycoplasma 
gallisepticura and Salmonella spp, pathogenic for chickens. The kidneys, 
removed aseptically, pooled in phosphate buffered saline (PBS 'A*, Appendix I), 
were chopped finely and rinsed twice with fresh PBS to remove as much blood 
as possible. The minced tissue from about four kidneys was transferred to 
a 250 ml trypsinising flask and was suspended in 25 ml PBS at 37° containing 
0©075/S (w/v) trypsin. The contents of the flask were then slowly stirred, 
using a magnetic stirrer at a speed just enough to keep the tissue suspension 
constantly moving. After 4-5 rain the supernatant was discarded and fresh 
trypsin solution (25 ml) added to effect a second washing cycle. Additional 
cycles were sometimes necessary to remove excess blood, but when a relatively 
blood-free supernatant was obtained it was harvested into a 1 oz universal 
bottle containing 1 ml inactivated calf serum and successive harvests were 
obtained in the same way. The harvests were stored at about 4° until four 
had been collected, when they were centrifuged at 280xj? +' for 5 rain-. The 
supernatant was discarded and the deposited cells resuspended in approximately 
20 ml chilled growth medium (Table III),
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*F, Lohmann Ltd,, Cuxhaven, W, Germany
+Centrifuge and ultracentrifuge speeds are quoted in terms of the maximum 
"g force applied, i,e. the force applied at the bottom of the centrifuge 
tube. Bench centrifugation was carried out using an MSE minor centrifuge 
(MSE Ltd,, Crav/ley, Sussex) and ultracentrifugation was done in either a 
Beckman L-2 or L2-65B ultracentrifuge.
TABLE III
COMPOSITION OF VARIOUS MEDIA FOR THE GROWTH 
AND MAINTENANCE OF CHICKEN KIDNEY MONOLAYERS
Eagle’s BHK Medium (xlO concentrated) 10V 10
Eagle’s Basal ?<Iedium (xlO concentrated) 10
Lactalbumin hydrolysate 10 10
Tryptose phosphate broth 10 10 10 10 10
Sodium bicarbonate (4.4$ w/v) 4 4 4 4 4
Penicillins/Streptomycin^ 1 1 1 1 1
Foetal calf serum (Flow Laboratories) 8U)3 10(5)
Calf serum No.2 5(2)
Steer serum 8(4) 10(5)
Earle's Balanced Salt Solution 65 65
Y/ater (distilled) 67 67 70
Notes V Volumes in ml.
2 Penicillin at a concentration of 10,000 i.u. per ml.
Streptomycin at a concentration of 10 mg per ml.
3 Volume of serum in growth medium, with volume in 
maintenance medium shown in parentheses.
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When the final harvest had been collected all were pooled, recentrifuged 
and resuspended in a fresh 20 ml of medium. This product was filtered 
through sterile coarse nylon gauze (20 mesh/cm) and then through fine 
gauze (50 mesh/cm). An aliquot of 0,5 ml was diluted with 4*5 B1 growth 
medium and 1,0 ml of this mixed with 1,0 ml 0,5^ (w/v) aqueous trypan blue 
in order to carry out a cell count using a haemocytometer of the improved 
Neubauer type. Unstained cells in the 64 outer squares of the chamber 
were counted and clumps of four or less cells were counted as one cell 
whereas five or more cells were counted as two cells.
Various types of culture vessel (Table IV) were seeded at different 
cell concentrations in a range of media.
TABLE IV
VESSELS USED IN THE CULTURE OF CHICK KIDNEY MONOLAYERS
Vessel Stationary (S) or rolling (R)
Surface 
area (cm )
Seeding Level 
(cells/ml)
Fluid volume 
(ml)
Petri dish* S 56 1.2 X 10 10
Flask^ S 75 0.5 x 106 40
Minibottle R 95 1.0 x 10 20
MRC Vessel R 13,600 1.0 x 106 2000
Notes: 1 85mm diameter (Falcon Plastics Inc.)
2 Falcon Plastics Inc.
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The petri dish cultures were incubated in air containing approxi­
mately 5% CO2 and all cultures were incubated at 37°. Cultures were 
examined two days after initiation as well as daily thereafter. Growth of 
the cells in roll culture conditions was investigated using ‘minibottles *
and Multiple Roll Culture (MRC) vessels (plates 1 and 2). The latter had
. 0
eighteen tubes providing a total surface area of 13>600 cm , and the tubes 
were interconnecting with common filling and emptying ducts.
It was found that kidneys from chicks of up to six weeks of age were
6generally easily trypsinised, yielding up to 2000 x 10 cells per pair of 
kidneys aged 4 and 5 weeks* Above this age they tended to be fibrous and 
more refractory to trypsinisation and increasing the concentration of 
trypsin in these circumstances merely had the effect of reducing the overall 
viable cell count*
The cultures were inspected regularly after initiation and the fluid 
was usually changed from growth medium to maintenance medium after two days 
whether or not the cell sheet was fully confluent which removed the cells 
that had not adhered to the vessel and whose breakdown products were 
probably detrimental to the development of a healthy monolayer*
In petri dish cultures Eagle’s BHK medium supplemented with S^,steer' 
serum produced 60% confluent cultures in two days and although fully 
confluent cultures eventually developed after eight days, development was 
improved if Earle’s balanced salt solution (containing lactalbumin hydro- 
lysate, tryptose phosphate broth and serum) was substituted at two days. 
These conditions provided confluent cultures by the third day of incubation* 
Cultures initiated in BHK plus foetal calf serum became nearly confluent by 
day 2, were of good quality, and maintained well. It was found that foetal 
calf serum was consistently better than other sera for the establishment of 
cultures, although Eagle's Basal Medium supplemented with either foetal
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Plate 1 Minibottles
47
Plate 2 Multiple Roll Culture Vessel
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calf serum or calf serum No.2 (Wellcome) produced good quality cultures
in a short time* Such cultures also maintained .without deterioration
over a period of fifteen days*
This medium generally proved satisfactory for the growth and
maintenance of chick kidney cultures in all other vessels including flasks,
minibottles and MRC vessels, and it was, therefore, adopted for routine
use. The medium of all cultures was always changed at eight days and the
new medium was left on until the plates were discarded (usually at day 15).
There was no appreciable difference between the quality of cells
grown in the different types of vessels but, in general, petri dish
6cultures required a higher seeding rate (1*2 x 10 cells/ml) than either 
flasks, bottles or MRC vessels, and the flasks required the lowest seeding 
rate (0*5 x 10^  cells/ml).
Duck Embryo Fibroblast (DEF)
Twelve day old embryos were aseptically removed from fertile duck 
eggs*, were decapitated and chopped finely. The minced tissue from between 
eight and twelve embryos was transferred to a 25O ml trypsinising flask and 
washed twice with 100 ml 0.05% versene. Trypsin-versene solution (0.1% trypsin 
plus 0.001% versene in PBS) was added to the suspension, which was stirred 
at’.57°. for'.30 min. Trypsinised cells were decanted into 20 ml steer serum 
in a 500 ml blood bottle in an ice bath, and the flask was replenished with 
trypsin-versene. Stirring was resumed and harvests were taken until all the 
tissue had been trypsinised, each harvest being added to the pool. On comp­
letion of trypsinisation the pooled cells were centrifuged at 280xg for 
10 min, rcsuspended in 200 ml growth medium, filtered and then counted in 
the same way as the chick kidney cells. Two types of culture vessel were
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*Cherry Valley Farms Ltd., Lincolnshire
used, 25O ml roller bottles and 150 mm diameter glass petri dishes. The
7
former were seeded with 4.0 x 10 cells in 50 ml growth medium, and the
7
latter with 5«0 x 10 cells in 25 ml medium. Both types of culture were 
usually confluent within two days. Medium 199 containing steer serum 
(50C%) was used for growth of the cultures, and it was necessary to add 
penicillin (100 iu/ml), streptomycin (100 ^ g/ml), tylos in tartrate (50pg/ml), 
as well as Fungizone* (0.2^g/ral) because duck embryo cells were prone to a 
variety of bacterial and mould contaminants. The maintenance medium was 
identical except that serum was present at 2.0%.
Secondary cultures were prepared only in petri dishes by stripping 
the cells from dish or bottle cultures with versene-trypsin solution at 37°• 
The suspension of stripped cells was decanted into a universal bottle 
containing 1 ml steer serum and the cells were deposited by centrifugation 
at (280xg for 5 min). The cells were resuspended and diluted in growth 
medium to obtain concentrations representing half, one-third or one-quarter 
of the original number of cells, at which concentration two, three or four 
new cultures could be prepared from the original culture vessel.
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*Tylosin tartrate, Elanco Products Ltd., London S.W.19. 
+Fungizone, Squibbs Ltd.
SELECTION AND STANDARDIZATION OF VIRUSES
Three viruses were selected: (i) A strain of Marek's Disease Virus
HPRS-16, originally isolated at the Houghton Poultry Research Station 
(Purchase & Biggs, 1967) from an acute form of Marek's Disease (MD). The 
virus received approximately ten passages in CK tissue and was further 
subcultured twice in CK cells at the Y/ellcome Research Laboratories to
/ g
provide a seed with a titre of 10 plaque-forming units (pof*u*) per ml*
(ii) A strain of the herpesvirus of turkeys (HVT), designated TK/H, was 
isolated at the Wellcome Research Laboratories from cell cultures of a 
clinically normal turkey which was 52 weeks old* The seed virus was 
prepared after six successive passages in chick embryo tissue in the fora
of a pool of infected cells which had the infectivity titre of approximately 
10*s0 p.f.u./ml.
(iii) Marivax-THV* » This strain of virus was a vaccine strain related
to HVT TK/H, and had been passaged thirteen times in chick embryo fibroblast
nr '
(CEF) tissue. The freeze-dried seed had a titre of not less than 10 p.f.u,/
ml*
Preparation of stock cultures of virus
(i) HPRS-16 virus Stock cultures of HPRS-16 virus were obtained from 
kidney cells and buffy coat cells of infected chicks; it was also obtained 
from infected duck embryo fibroblast (DEF) cells*
(a) Virus from infected birds. The Rhode Island Red (RIR) strain 
of chicken was normally used because maximum susceptibility to MD was 
required. Five day-old specific pathogen-free chicks were each inoculated
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* Burroughs Y/ellcome Ltd*
3 8
with 10 ° p»fcu* of HPRS-16 virus; a sixth chick was left uninoculated 
to serve as a contact control* The birds were kept in a tier-brooder in 
a specific pathogen-free house and were maintained on a normal diet* Serum 
was collected on the day of inoculation and then 21, 35, 42, 4.6 and 49 days 
later* When symptoms of MD appeared in any bird (usually between 5'3 and 2^ 
weeks after inoculation) blood was taken for the isolation of virus-infected 
white blood cells0 This was done by withdrawing a sample of blood (2*5 ml) 
into a syringe containing an equal volume of sterile Alsever's solution, and 
was transferred aseptically to a sterile bijou bottle which was chilled at 
4° prior to the preparation of buffy coat material (described below)* Blood 
was also taken for the separation of serum and the bird was then killed*
The kidneys were removed for the preparation of cell cultures. In addition, 
the animal was skinned to provide a pool for the preparation of skin virus 
and A antigen, and was stored at -70°# Any organs showing gross lesions 
characteristic of MD, together v/ith the vagus and sciatic nerves and the 
brachial plexus, were removed and fixed in PBS containing 10% formalin for 
subsequent histological examination*
Infected kidneys were trypsinised to provide cells for direct 
cultivation of virus or for the inoculation of kidney cell cultures prepared 
from a healthy donor* Kidneys which showed gross lesions were usually more 
refractory to trypsinisation and it was then necessary to prolong trypsini- 
sation from 5 to 15-20 min per cycle* When cells were required to inoculate 
healthy monolayers 1 ml volumes were used containing 5*0 x 10^ cells for 
each culture* Primary cultures of infected cells and inoculated healthy 
monolayers were incubated until there was cytopathic evidence of infection, 
which normally occurred seven to ten days after the initiation of the 
cultures. Such cultures were harvested in the usual way, although the 
infected cells were subcultured once more to healthy cell cultures as described 
above. The resultant stock of virus-infected cells was designated HPRS-16 2CK
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and was stored at -70° in freezing medium containing 10% calf serum and 
7*5% dimethylsulphoxide. These preparations were later subjected to a 
cloning procedure. Ampoules of the virus-infected cell suspension were 
thawed and 10-fold dilutions were prepared, ranging from 10"*^  to 10*"^ , 
in growth medium without serum. Washed drained monolayers of CK cells 
were inoculated with 0*1 ml volumes of each of the dilutions and the 
inoculum was adsorbed for one hour at 37°o During this time the dishes 
were rocked every 15 min to redistribute the inoculum. Finally the cultures 
were refed with maintenance medium and re-incubated at 37°• The maintenance 
medium on these cultures was changed after three days for fresh medium 
solidified with 0*9% agar^ © When a CPE developed, plaques were picked only 
from those plates which bore four or five plaques on the entire dish. This 
operation was done with the aid of a micropasteur pipette, the tip of which 
was inserted through the agar immediately above the plaque area, and the 
plaque-forming cells were taken up into the pipette along with a little 
medium. Decimal dilutions of the infected cells were made in growth medium 
and were inoculated on to fresh tissue to enable a second cloning procedure 
to be carried out. A 10-fold dilution was prepared from infected cells 
withdrawn from one plaque of the second cloning procedure and was used to 
infect a further twenty CK monolayers. When a CPE had developed in these, 
the cultures were harvested, pooled in 5*0 ml freezing medium and frozen 
in liquid nitrogen in the usual way. This stock was designated HPRS-16 5CK 
and had a titre of 10^*^ p.f.u./ml.
.(b) Isolation of virus from buffy coat cells. The freshly drawn blood 
was centrifuged at IlOOxg for 10 min and the buffy coat v/as transferred to 
a 1 ml ampoule to be resuspended in approximately 1 ml PBS. The cells were 
centrifuged again and the white cells were harvested, counted, and adjusted
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#Difco Noble Agar, Baird & Tatlock Ltd., London
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to a concentration of 2*0 x 10 per ralo DEF monolayers were inoculated
with 0*5 ml of the suspension and after adsorption for 1 h at 37°» with
periodic rocking to redistribute the inoculum, the monolayers were refed
with maintenance medium and incubated until a cytopathic effect was apparent*
The infected DEF cells were then subcultured to fresh DEF monolayers and
after replication of the virus the cells were harvested and stored frozen
*>0 /to provide a stock designated HPRS-16 2DEF, and had a titre of 10 p*f*u©/
ml* A summary of the results of the preparation of HPRS-16 virus in birds 
is given in Table V* This shows the time of isolation in relation to the 
clinical and histological symptoms and development of antibody®
(c) Cultivation of HPRS-16 in DEF tissue* It was necessary to adapt 
virus first propagated in CK tissue to growth in DEF cells in the following 
way* One ampoule of HPRS-16 5CK seed was thawed and diluted to l/lO in 
DEF growth medium prepared v/ithout serum* Ten primary CK monolayers were 
inoculated with 0*5 ml of the suspension and when a CPE had developed the 
cells were harvested and co-cultivated with DEF cells by mixing with a 
suspension of an equal number of freshly trypsinised DEF cells* The mixed 
cell suspension was seeded into new petri dishes and the cultures were 
incubated in the normal way. They were examined daily for evidence of MDV 
CPE© No cytopathic effect was observed by 12 days, but the cells began to
strip off the glass* At this stage the cultures were harvested in the usual
manner and the cells were again mixed with an equal number of fresh DEF cells* 
After one further blind subculture a CPE was observed at 14 days* This 
effect consisted of a generalised swelling of cells, but was less marked 
than the effect normally seen in infected CK monolayers* The cultures were 
incubated until the cells began to strip off, when they were harvested, 
pooled and frozen in the usual way* The culture had a titre of 10^°^ p*f©u./ 
ml in CK cells and produced typical symptoms of MD in inoculated chicks*
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(a) Cell-associated virus* Secondary seed was prepared in CEF 
cultures by inoculating 2.50. ml roller cultures of tissue with 0*5 ml of 
the primary seed. After the development of a CPE the infected cells were 
harvested and inoculated directly into another batch of healthy cultures as 
described previously* These cultures were subsequently harvested in the 
usual way, and the secondary seed was given the reference HVT TK/H 8CEF*
The infective titre was 10^ **^  p*f*u0/ml* The material was then subjected 
to purification by the cloning procedure described above*
(b) Cell-free virus. A culture of the cloned infected CEF cells
was then used for the preparation of cell-free virus. For this, the
cultures were subjected to ultrasonicatioif51 in an ice-bath (5 bursts, 15 sec/
burst, amplitude 10^ i ) and the subsequent suspension was filtered through a
0o8u millipore filter. A 10-fold dilution of the filtrate.was prepared and
0*1 ml volumes were used to*inoculate cultures of secondary DEF tissue.
These cultures were harvested, and subjected to a further ultrasonication
and cloning procedure, again in DEF tissue* The cultures were then harvested
and were designated HVT TK/H 9CEF 2DEF. They were stored in liquid nitrogen
Z. 6and had an infectivity titre of Kr* p.f*u*/ml.
For the preparation of large stocks of HVT, roller cultures of CEF were
_
established by seeding bottles with 4 x 10 cells in JO ml medium. After 
48 h incubation the confluent monolayers were washed once with PBS at 37° 
and a suspension of cell-associated virus was inoculated at a level of approxi
•z
mately 2*0 x 10 p*f*u./bottle, fresh maintenance medium was added and the 
cultures were re-incubated without an adsorption period. When the CPE 
involved 60-70% of the cells, the cultures were harvested in the usual way,
56
#MSE Ltd., Crawley, Sussex
pooled, and resuspended in that volume of freezing medium which gave five 
0.5 ml ampoules from each roller culture* The cells were stored frozen 
in liquid nitrogen*
(iii) Marivax-THV
In this study the vaccine virus was used without further treatment*
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ASSAY OF VIRAL INFECTIVITY
Plaque Assay
This test was carried out by preparing 10-fold dilutions of virus 
(or virus-infected cells) in growth medium without serum and inoculating 
0*1 ml of each dilution on to each of four washed and, drained tissue 
monolayers prepared in 60mm Falcon dishes. HPRS-16 virus was always tested 
in CK monolayers and HVT in monolayers of CEF. The infective material was 
allowed to adsorb at 37° for 3^  min to the selected monolayers after these 
had been drained of growth medium and rinsed in PBS. The cultures were 
periodically rocked to redistribute the inoculum and they were then refed 
with standard maintenance medium. The monolayers were examined daily for 
the development of plaques. HVT plaques, or foci, of infected cells usually 
appeared on the third or fourth day after infection, and virulent MDV foci 
by the sixth or seventh day. Secondary foci also usually developed after 
more than four or five days in cultures infected with HVT, because these 
cultures liberate some cell-free infectious virus.
Focus counts were done on fixed stained monolayers. The tissue on 
each plate was fixed for 20 min with 5 *al PBS containing lOjfc formalin, 
after which the cells were stained with 2—3■'*al undiluted Giemsa or 1% aque­
ous methylene blue for 3-4 min. Excess stain was removed by washing the 
plate with distilled water and the plaques counted under the microscope at 
low (lOx or 20x) magnification unless they were small and difficult to see 
when a magnification of lOOx was used. A typical plaque formed in CK 
culture and stained with Giemsa is illustrated in Plate 3o For comparison, 
uninfected tissue stained with methylene blue is shown in Plate 4*
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Plate 3 MDV HPRS-16 virus plaque in CK tissue. 
Stained Giemsa. x330
r i  „ ;C- 
T
Plate 4 CK tissue. Stained methylene blue. x33^
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Various modifications of the technique were investigated:
(a) incorporation of magnesium chloride into the maintenance medium was 
used in an attempt to render the plaques more easily visible.. The virus 
(HVT) was inoculated in the usual manner and the cultures were refed v/ith 
maintenance medium containing a range of concentrations (0-100 mM) of 
StgCl2* Some concentrations (20-50 mM) delayed plaque formation by up to 
three days, but there was little improvement in their clarity. The tissue 
was destroyed by high (50 mM or greater) concentrations of the salt.
(b) the effect of polysaccharide overlay was also tested to reduce secondary 
plaque formation. Sodium carboxymethylcellulose (CMC), Difco Noble Agar, 
and agarose (Indubiose A-37» 1’Industrie Biologique Francaise) were used. 
They were added to the basic maintenance media to give final concentrations 
of 0,9/o. Dilutions of the virus (HVT) were inoculated and the monolayers 
were overlayed with the experimental medium. After the development of 
plaques the overlay medium was removed by pouring off (CMC) or by holding 
the plate upside down and tapping it sharply (agar and agarose). The 
monolayer was then fixed and stained as usual. In general polysaccharides 
inhibited the development of secondary plaques but also delayed the appear­
ance of the primary CPS by up to -two days.
Microtiter Assay
Falcon Microtiter plates were either used direct from the pack or 
were first soaked in 2% Hederol overnight, thoroughly rinsed in tap water 
and then in distilled water. They were air-dried and sterilized by
UV-irradiation for 1 h. CEF cells were added to each cup at the rate of
2.5 x lO^ cells in 0o2 ml and half that volume of decimal dilutions of
virus were added. The plates were covered with a CO2-permeable film and
were incubated in a 5J0 CO2 atmosphere. Cytopathic effects were generally
m 60
*Proctor & Gamble Ltd., Newcastle-upon-Tyne.
recorded after 6 days incubation and the infectious titre v/as calculated 
by the method of Reed & Muench (1938)# In general the results of this 
assay correlated v/ell with the plaque test, but the method had no signi­
ficant advantages over the plaque technique*
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PREPARATION OF A ANTIGEN
It was necessary to adapt certain assay methods in order to detect 
whether or not A antigen was present in preparations® Having isolated 
the antigen it then became possible to perfect the assay technique, and 
this is described in the next section*
Antigen was prepared from four different sources: (l) infected
CK ceils (2) infected DEF cells (3) feather tips from infected birds 
and (4) skin from infected birds* In these studies, in addition to the 
precipitin line in gel produced by A antigen extracted from infected 
cell culture supernatants, (similar to that described by Churchill et al. 
(1969)), identical lines were also consistently elicited by antigen 
extracted from skins and feather tips of infected birds (Plate 5)* On 
this basis it was considered valid to treat this skin and feather material 
as additional sources of A antigen*
Plate 5. Immunodiffusion test showing the lines of identity 
between cell culture, skin, and feather tip preparations of 
MD A antigen*
62
CK tissue
A antigen was produced in cell cultures in plates and MRC vessels*
The cultures v/ere infected with HPRS-16 5CK virus using a dose of
2 52-3 x 10 p.f.u. per dish culture or 10 p.f.u, per MRC vessel. The
cultures were incubated until a $0% CPE had developed and were given
at least one medium change during this time. At the stage of 50% CPE the
supernatant medium was harvested, clarified by a centrifugation at llOOxg
and was stored at -20° in 100 ml volumes.
PEP tissue
A antigen from DEF was obtained by inoculating cultures either in
3
glass petri dishes or in roll culture bottles with 10 p.f.u. HPRS-16 
2DEF virus. The tissue was incubated with one or two medium changes for 
8-10 days until the monolayer started to degenerate. At this stage the 
supernatant fluid was harvested, clarified os for CK supernatants, and 
stored at -20°«
Feather-tip antigen
Feathers were taken from various regions of infected birds for 
extraction of A antigen. The length of the piece cut from the base of 
the feather and used for processing depended on the size of the feather, 
and the number of pieces or tips required also reflected on the size.
From larger feathers in the wing a 5 cm length was suitable and this also 
usually contained pulp. The smallest feathers used were about 2 cm long 
and from these a piece 1 cm was cut. The tips from 6 large or up to 20 
smaller feathers v/ere slit open and the tissue was frozen and thawed four 
times in liquid nitrogen. The product was transferred to a universal 
bottle containing 10 ml distilled water and -'was subjected to ultrasoni- 
cation in an ice-bath at an amplitude of 18jia Three bursts lasting 90 sec
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each and separated by a period of 30 sec were used and after this the 
larger pieces of feather debris were picked out with forceps while the 
remaining material was clarified by centrifugation (at 3lOOOxg for 2 h).
The supernatant was stored in 2 ml volumes at -20°.
Skin antigen
Birds showing symptoms of MD were killed and the skin, with feathers 
cut down to within 0.5 cm of the skin surface, was used for the extraction 
of A antigen (Fig. 1). The skin was cut into small pieces and transferred 
to a strong jar (Kilner, 21b) containing 350 ml PBS. The mixture was 
homogenised for 5 min using a Silverson homogeniser and after a short 
period for settling the fluid was decanted off and was clarified by centri­
fugation (650xg at 4° for 15 min). A second extraction of the debris was 
unnecessary because tests showed it yielded an insignificant amount of 
antigen. To the clarified extract chloroform (5$ v/v) was added and after 
the mixture was shaken by hand for 5 it was ultracentrifuged at 
13400xg for 20 min. The supernatant was carefully decanted and the remain­
ing chloroform was dispersed by gently bubbling air through the preparation. 
This extract v/as then subjected to further ultracentrifugation (20 min at 
13400xg) to remove remaining debris and the supernatant stored in 5 
volumes at -20°.
Antigen production in cell culture in relation to yield of virus
The correlation between A antigen release and virus production v/as 
investigated by harvesting infected cultures at predetermined intervals and 
assaying the supernatant fluid for antigen; grov/th curves of the two 
viruses used (HVT in CEF and virulent MDV in CK) had already been prepared 
in work concerning other aspects of MDV, and since the infectious cells 
used in the present tests were required for other purposes, these grov/th 
curves were transposed on to the graphs prepared for the production of A 
antigen.
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T 2
Cut into 1 cm pieces 
transferred to 21b Kilner jar 
with 350 ml PBS
I
Homogenised at RT 5 min 
Fluid decanted off
I
Fluid
I
650xg to deposit 
feather and skin 
material
Supernatant
GDT : +ve 
Infectivity : -ve 
EM : +ve
+ %  CHCl^
I
Shaken RT 5 min 
\
Ultracentrifuged 
13400xg 20 rain
Supernatant 
\ ■
Air bubbled through 
to remove traces of 
CHCl^
I
Ultracentrifuged 
13400xg 20 min
Supernatant
I
either Lyphogel 
added at 1 : 5
or Lyphogel 
added at 1 : 7  
followed 
by Diaflo 
concentration
I
Concentrated product 
tested by GDT : +ve 
Infectivity : -ve 
EM : +ve
Pellet
*
(Discarded)
' I ’
Pellet
\
GDT : -ve 
(Discarded)
Pellet
f
GDT : -ve 
(Discarded)
Note: GDT = Gel diffusion test
Fig. 1 Flow chart illustrating the extraction and concentration 
of skin antigen.
65
Two virus-infected vessels were harvested tv/ice per day for antigen* 
Supernatants were harvested and concentrated to l/50th their original 
volume, and antigen was assayed by single radial diffusion using standard 
MD antiserum*
□
o
X
£
£
c3
<
100
Hr. post-irrfection
Fig. 2 The relationship between HVT infectivity titre and A antigen 
production.
Figure 2 shows the HVT A antigen titre superimposed on the HVT virus 
growth curve obtained previously, and the curves for similar experiments 
conducted using MDV grown in DEF cells are shown in Figure 3* It may be
observed that in HVT experiments antigen appears in samples taken 
between 60 and 72 h after infection, and after this the titre increases 
steadily until the end of the experiment (96 h sample)* This is matched 
by the virus growth curve; infectious virus first appears 60 h post­
infection and increases in titre until final samples were taken at 108 h* 
Supernatant (for antigen) and cells (for virus) from uninfected cultures 
were always negative* The actual titres of samples taken when the growth 
curves were prepared are shown, and are largely irrelevant per se to the 
experiment at hand; the point to note is the increase in virus titre 
coincident with the appearance in the supernatant, and increase in the 
titre of, the A antigen* A similar situation is seen in the case of 
virulent MDV (Fig* 3) and although A antigen is released later in the cycle 
(96 h) infectious virus also appears at a later time*
67
o
in' §
□ ('|iu/n)d 6o|) snjiA
s a a
0 □
□ E
a
oCO
o<0
O'TT
4>
u-lJ
»»■<
>i
•*<
>
oft)
<►*
eH
VO»-t
ICO
CSft*
k
>Q
S3
C dCJ o
CJ
2s ■*»>•*-> oV 3
XI *o
©a d•h a,x:to cc ao bO•H •H-U
<3 CH a«u <
4) 'Ox: C
E-« a
r\
«
U.
tu
CM
O
CM
m  o
d oix Itu jad sjiun v
in
68
ASSAY OF A ANTIGEN
The assay of A antigen was usually carried out by gel precipitin 
tests, but the passive haemagglutination test was also investigated*
Passive Haeroaggiutination
A test based on the method of Cruickshank (1965) was adopted* Sheep 
red blood cells were formalised, tanned, and coated with feather tip 
antigen diluted 1/5* The sensitized cells were reacted with 2-fold 
dilutions of antiserum in,a Microtiter plate and examined for patterns of 
agglutination at intervals up to 4 h* Aliquots of the serum were also 
incubated with various other antigen preparations and then titrated against 
the sensitized red blood cells to demonstrate inhibition*
Evidence for sensitization of the red cells was obtained by reaction 
with convalescent serum, but the degree of haemagglutination was constantly 
low. However, when the cells were used to detect inhibition of aggluti­
nation, similar titres were obtained, that is to say, the convalescent 
serum either did not react with free antigen, or when the antigen/antibody 
complex was presented to the sensitized red cells, the cells overrode the 
antigery/antibody bond so that agglutination again occurred*
Agar Gel Tests
Simple qualitative assay was carried out by a double diffusion method 
based essentially on that described by Chubb & Churchill (1968). Quanti­
tative determinations were done either by a modification of this method or 
by a single radial diffusion test based on the technique of Mancini et al.
(1964)>
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Qualitative double diffusion
Ordinary glass microscope slides or polystyrene ’Hyland* plates* 
incorporating a snap-on lid were used for this test. Between 2*5 and 
3©0 ml. molten agar was pipetted on to the slides and allowed to set at 
room temperature on a level surface. Two groups of wells were cut using 
a template/ with six wells surrounding an identical seventh one. Each 
well was 3.0 mm in diameter and the centre-to-centre distance was 4*5 •
Agar was subsequently removed from the wells using a micropasteur pipette 
connected to a vacuum line. The reagent volumes varied from 15-20 jil 
according to the depth of the agar, and known positive and negative antigens 
were always tested in parallel with unknown samples. After the reagents 
were dispensed, slides were set at room temperature for 18 h in a humidi­
fied chamber. Precipitin lines were examined by dark ground illumination.
Various types of agar base were tested as well as different concentra­
tions of agar, and phenol (Table VI).
TABLE VI
COMPOSITION OF AGAR GEL DIFFUSION MEDIA USED IN 
STANDARDISATION OF IMMUNODIFFUSION TEST FOR MD
A ANTIGEN
Agar 0.51 0.5 0.75 0.75 1.0 1.0 ' 1.2 1.2
2
Phenol 0 0.4 0 0.4 o 0.4 0 0*4
NaCl 9.0 9.0 8.0 8.0 8.0 8.0 8.0 8.0
Water 91 91 91 91 91 91 90 . 90
1 %, w/v
2 Where no phenol was included, 0.1$ w/v Na azide was 
added as a preservative.
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* Baxter Laboratories, Thetford, Norfolk
The types of agar included Eacto, Noble, and Purified Agar 
(Difco Products, Baird & Tatlock Ltd., London); Agarose; Oxoid lonagar 2 
(Oxoid Ltd., London)* A standard immunodiffusion slide was prepared using 
each of the formulations shown* Standard positive and negative antigens 
were serially diluted in 2-fold steps, and the 1/1, 1/2, 1/4, 1/8, 1/16 
dilutions, as well as undiluted standard negative preparations, were placed 
in the appropriate wells. Positive antiserum was set at the centre of one 
cluster, and negative serum at the centre of the second. After 18 h at 
room temperature the slides were examined and assessed for sharpness and 
clarity of precipitin line.
Known positive and negative antigens were set up in parallel whenever 
an unknown preparation was to be tested. The kno?/n positive was a concent­
rated extract made from the supernatant of cultures heavily infected with 
MDV, prepared as described below, or a similar extract provided by 
Dr. L. J. N. Ross (Houghton poultry Research Station)* These two prepara­
tions gave lines of identity with no spurring when tested against sera 
positive for MD antibodies (Plate 6). Negative antigen was prepared from 
uninfected cultures.
7CONV. 
MD a/s
(hprs)
Plate 6. Immunodiffusion test showing the 
comparative reactions between A antigen 
preparations used in the present study and 
those made at the Houghton Poultry Research 
Station. The well at the extreme right 
contains antigen extracted from tissue 
culture cell material.
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The standard positive antiserum was a pool obtained from four 
cockerels which had been contact-infected with MD* Before use the serum 
was centrifuged at 1350xg for 30 win and the supernatant clarified by 
passage through a 0*22p Miliipore filter* It was distributed in 5 ml 
aliquots and stored at -20°. Once thawed, each aliquot was not refrozen 
but kept at 4°*
In the comparison of different agar types Difco Bacto and Difco Noble 
gave the most satisfactory precipitin lines, and it was found that these 
were sharpened by the presence of 0*4$ phenol* Agarose, even though a more 
refined product, failed to produce lines with increased contrast or sharpness 
over the Difco products* Ionagar was more opaque than the other types and 
consequently gave bands with less contrast* The best lines were formed 
using phenolised Bacto agar at a concentration of 1*0$ (w/v), and it was 
apparent that the presence of phenol was important (Plates 7, c and d); 
and when agarose was used phenol was equally necessary (Plates 7, a and b)* 
Sodium chloride was essential for the development of precipitin lines*
Quantitative double diffusion tests were done using 1$ Bacto agar 
containing 8$ NaCl and 0*4$ phenol* The gel was poured and wells cut as 
described above* Two-fold dilutions of the antigen (50^ 11 aliquots) were 
made in 0*85$ NaCl in Microtiter plates, and were tested against both 
standard positive and standard negative sera. The titre of the antigen 
was the highest dilution showing a discernible precipitin line* No 
reactions were ever obtained against negative serum*
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Plate 7 Immunodiffusion tests with skin antigen batch II (SAII) to show 
precipitin lines in different gel compositions,
(a) Agarose without phenol (b) Agarose with phenol
(c) Bacto without phenol (d) Bacto with phenol
The test shows the patterns obtained when 2-fold antigen serial dilutions
were set against MD convalescent serum in the centre wells.
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The Single Radial Diffusion Test
This involved the preparation of agar gels containing the standard
positive antiserum at various concentrations# The reagent was incorporated
in agar bases of different formulations as described below# The agar was
melted, dispensed in 2#5 ml aliquots and allowed to cool to 43° before the
serum was added# The mixture was blended by shaking, poured on to Hyland
plastic immunoplates on a levelling table and allowed to set# Eight wells
each 3©0 mm in diameter were cut in the gel, filled with lO^ il of antigen,
and set at room temperature for 18 h# Gels were examined by dark-ground
illumination and the zone diameters were measured using a x4 hand lens#
Slides were either photographed directly or stained by flooding with 1%
Amidoblack 10B in 3& acetic acid for 3 h after washing in saline for 48 h
to remove uncombined protein# Excess stain was removed by rinsing the slide
in successive changes of 3% acetic acid containing 2% glycerol# Each antigen,
generally undiluted, was titrated against 5^ serum in the system described
above# The titre of the antigen was expressed in A units, where one A unit
was equivalent to an area of one square millimetre produced by a 10jA
aliquot of antigen# Thus, lOyil of a preparation containing 5OA units would
2
give a mean annulus area of 5^ mm in the radial diffusion test and 1*0 ml 
of such a preparation would therefore contain 5000k units#
Of the agar types tested, agarose provided the best conditions for the 
development of zones but it was necessary to incorporate sodium azide 
{0ol%, w/v) as a preservative# Furthermore NaCl, up to Sfo (w/v), improved 
the contrast of the annuli although (in contrast to the double diffusion 
tests) its inclusion was not indispensible to the formation of zones,
(Table VII).
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TABLE VII
COMPARISON OF ANNULI FORMED IN THE SINGLE RADIAL DIFFUSION TESTS 
BY THE USE OF GELS OF DIFFERING COMPOSITIONS
Gel Concn.V Buffered (B) or water (W)
NaCl
Cone.*
Annulus
area^
(m? )
Contrast^-
Edge
Definition
Bacto agar 1.0 W 0 UM5 + poor
ti it lpO w 4 UM ■+ poor
n t 1*0 w 8 UM ++ poor
Agarose 1*0 B 0 36 + good
« 1.2 B 8 34 +++ good
it 1.5 B 0 38 + good
it 1.5 B 8 31 +++ good
it 1©8 B 8 31 +++ good
Notes: 1 %9 w/v
2 Where indicated, the annulus area was. the mean of four 
estimations.
3 Unmeasurable because definition too poor.
4 Contrast: +++ = zone outline easily distinguished.
+ = outline barely distinguishable from 
surrounding gel.
There was little difference in annuli between agarose concentrations of 
1*5% and 1 ©8^ , although a concentration of 1*2% provided larger zones, 
but annuli produced by some antigen preparations were sometimes poorly 
defined. When'the agarose concentration was decreased to 1©0^  there was 
a marked loss of contrast even though NaC1 was incorporated.
In the case of antigen prepared in duck embryo fibroblast a second 
faint annulus was sometimes seen within the first and it was apparently 
independent of the dilution of serum used between 5 and 10/S.
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Agarose provided two further advantages (l) its setting temperature 
(57° - 38°) was lower than that for Bacto agar (42°) which furnished a 
system better suited to potentially thermolabile antigens, and (2) the 
precipitin zones were retained in the gel during the washing procedure 
required before the use of Amidoblack stain0
The optimum conditions were when the gels incorporated 1«,5^ agarose 
dissolved in phosphate buffer, NaCl and either 0.1% sodium azide or 
0.2% phenol*
Tests on the time required for antigen-antibody combination revealed that 
the zones produced by feather- or skin-derived antigens first appeared after 
7 h or 8 h, and enlarged to their maximum size by 18 h (Fig* 4)* Thereafter 
further increases were not detected*
©FAN
Hours
Fig. 4 Single Radial Diffusion Test: time taken for the production of
zones of maximum size*
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Linked with the assessment of the purity of A antigen was that there 
should be a direct relationship between the annulus area and the protein 
concentration* In tests on antigen derived from skin serial dilution of 
the antigen* followed by repeated testing (usually the mean of four 
measurements) of lOyil aliquots in gels containing positive antiserum at a 
variety of concentrations gave reproducible straight lines if the annulus 
area was plotted against antigen concentration (Figs. 5 and 6)0
Antigen: SAII
Serum.- A“A
&-Q 2.5%
12.5
Rel. ag.conc
Fig* 5 Single Radial Diffusion Test: relationship of
relative antigen concentration to annulus area.
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Antigen: FAII
Serum: ©-© 7.5 
b-bIO.O
100 75
12.5
Rel. ag. cone
Fig* 6 Single Radial Diffusion Test: relationship of
relative antigen concentration to annulus area.
Fig* 6 illustrates the use of three different concentrations of antiserum 
employed in the titration of a preparation of A antigen extracted from 
feathers of infected chickens.
It was observed that the annulus area also varied with serum concen­
tration. For instance the incorporation of positive MD antiserum in 
concentrations from 2oS& (v/v) to 10/t resulted in the development of visible 
precipitin zones, the zone size being inversely proportional to the concen­
tration of serum in the gel* Any precipitin zone produced with serum at
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less than 2*5% was not visible, but at 10% the serum concentration was 
too great to allow the antigen to diffuse into the gel far enough for a 
zone diameter to be measured. The relationship between serum concentra­
tion and annulus area using a standard preparation of A antigen is shown 
in Fig, 7.
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0 1 2 3 4 5 6 7
Serum %
8 9 10 11 12
Fig, 7 Single Radial Diffusion Test: relationship of serum
concentration to annulus area.
For routine assay purposes a serum concentration of 5^  was optimum, 
though 10% was occasionally desirable when titrating highly potent antigen 
preparations, and an appropriate adjustment to the titre so obtained was 
made.
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One of the replicates of a complete titration of two different 
A antigen preparations is shown in Plates 8a~f; these show the variation 
between agarose at 1,2% and 1*5/6 as well as between serum incorporated at 
concentrations of 7*5 and 10^ , (Fig. 6, page 78, is a plot of wells
1, 2 and 3 of slides d, e and f).
’O',
0
L J
(a) Agarose 102% Antiserum
(b) Agarose lo2*b Antiserum 7*5%
D
o f
■0; O
I'
(d) Agarose 1,5% Antiserum 5*®%
r
■! _
r' n
0
i  ■ ■
n  m m  0 1
(e) Agarose 1 .5 ^ Antiserum 7°5%
(c) Agarose 1„2^ Antiserura 10o0% (f) Agarose 1<,5% Antiserum 100 0%
Plate 8 Single Radial Diffusion Test: titration of feather antigen and
duck embryo-prepared A antigen to show the variation in agarose and anti­
serum concentrations*
Top rows (wells 1-5) • Feather tip antigen I (FAI) Undiluted, l/2, l/4
Bottom rows (wells'4-6) : Cell-culture antigen (DEF 1) Undiluted, l/2, 1/4
Bottom row (well 7) : Negative antigen
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The Single Radial Diffusion test v;as also suitable for semi-quantitative 
diagnosis of infection with MDV or HVT. For this test, agarose of the formula 
employed for the routine radial diffusion test was used and MD standard 
convalescent serum was incorporated at concentrations of 5/* and 10$ (v/v) as 
described earlier* For each concentration of serum, the tips (approximately 
0*5 to 1*0 cm) of ten feathers were stuck in the agar, five from two birds 
showing clinical symptoms of MD, and five feathers from an uninfected chick 
held in isolation separate from the experimental birds* Five feathers were 
usually stuck in each slide but up to ten or twelve could be tested. The 
slides were placed in a humidified box at room temperature and examined the 
following day*
The technique was also adapted to test sera, in which case the antigen 
was incorporated into the agar; the method was otherwise identical. A anti- 
gen with an activity of 5000A unit s/ml was prepared from feathers of infected 
birds and was incorporated in the agar at concentrations of l/5* l/lO, l/l5» 
l/20 and l/40 (v/v)o Two point five oil volumes of the mixture were pipetted 
on to slides, allowed to set, and wells were cut in the usual manner. To 
each well was added lOpl of the test serum diluted 2-fold from l/l to l/8.
Two wells were used for each serum dilution and the slides were left at-room..' 
temperature for 18 h. The controls for this type of test included positive 
and negative sera tested in gels containing (a) the standard antigen (b) no 
antigen and (c) a control feather antigen prepared from feathers of uninfected 
birds and adjusted to the same protein concentration as the test antigen.
Unfortunately, it was not possible to prepare photographs of the feather 
test. Zones of precipitation were clearly visible in the positive prepara­
tions after the feather tips had been removed to facilitate examination, and 
these consisted of areas of precipitation extending radially from the point 
of insertion of the feather, being of approximately the same opacity as the
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as the annuli produced in the conventional radial diffusion test* The 
edge definition was also about as good as that seen in these earlier tests* 
Feathers from skins preserved at -70° also gave positive zones. Experiments 
employing negative serum in the agar, when no precipitin zones formed, 
confirmed the reaction as specific.
In experiments on chicken antibody, the pattern resulting from testing 
positive serum in gel incorporating feather antigen I (FAl) at dilutions of 
l/5, l/lO, l/20 and I/40 is shown in Plate 9a-9d<>
f  . 7)
i 1
2 3 4 j
5 6 7 8
i i l i &  l ' ■ . • ■ J
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•
Plate 9a Antigen incorporated at l/5
X
Plate 9b Antigen incorporated at l/lO
W'
1r
1
W m U m m ------------------------------- J
Plate 9c Antigen incorporated at l/20 Plate 9d Antigen incorporated at 1/40
Plate 9&-9d Single Radial Diffusion Test: titration of positive MD antibody
in gels incorporating (a) 1/5 (b) l/lO (c) l/20 and (d) I/4D feather antigen
(FAI).
Top rows (wells 1-4) MD positive serum, undiluted (v/elis 1 and 2) and
diluted l/2 (wells 3 and 4)-
Bottom rows (wells 5-8) MD positive serum diluted 1/4 (wells 5 and 6) and
diluted l/8 (wells 7 and 8).
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Annuli with the optimum definition-to-size relationship were observed in 
preparations incorporating antigen at a dilution of l/l5> and Plate 10 shows 
the results of a test of a number of different MD positive and negative sera, 
where the antigen was incorporated into the gel at this dilution*
■ 
-0
Q
1
J
Plate 10 Single Radial Diffusion Test: 
annuli produced by a batch of MD positive 
and negative sera. Antigen (FAX) was 
incorporated in the gel at a dilution of
1/15.
Top row (wells 1-4) Four different MD
convalescent sera, 
all undiluted.
Bottom row (wells 5 and 6) MD convalescent
sera.
Bottom row (wells 7 and 8) Negative sera.
A semi-quantitative relationship was observed which, whilst not distinguish­
ing HVT antibodies from those of MDV, nevertheless provided an approximation 
to the amount of A antibody present.
The differences in reactions between double diffusion and radial 
diffusion tests reflect fundamental differences in the way the molecular 
species interact, and this enables the latter test to be quantitative. In 
the single radial diffusion test antigen/antibody complexes form at the 
molecular level, as in double diffusion, but the reaction does not proceed
8 3
further to lattice formation. This is because of an initial antibody excess
and the creation of many discrete units consisting of single antigen molecules
surrounded by many molecules of antibody which block the attachment of further
moieties of antigen. Such units are present in large numbers and these are
sufficient to cause an opacity in the agar. This opacity is termed a
*precipitate* though it is not strictly equivalent to the precipitate formed
in the double diffusion test where the reactants diffuse to a point of
equivalence and a lattice is produced. The antigen/antibody units v/hich are
formed under the conditions of the single radial diffusion test are unable
* (
to penetrate the pores of the agar gel and are therefore immobilised and 
uncombined antigen molecules continue to diffuse out radially from the central 
well until the supply is used up. The result is that when the supply of 
antigen molecules is exhausted, there is a zone, or annulus, surrounding the 
well consisting of diffused antigen molecules each surrounded by many molecules 
of antibody® Further, as demonstrated by many workers, e®g. Mancini et al. 
(1964); Mancini, Carbonara & Heremans (1965), the area of the precipitate 
zone is in direct proportion to the concentration of antigen in the well, 
that is doubling the antigen concentration, for example, results in the 
annulus area being doubled® In general terms, the annulus area varies with 
the reciprocal of the concentration of the continuous phase reagent (in the 
gel) and with the concentration of the discontinuous phase reagent (in the 
wells). Both of these hypotheses were verified in this present work and the
results fulfilled the quantitative requirements for the assay of A antigen,
so that it was considered safe to adopt the test as a standard assay procedure.
Other mathematical formulae have been put forward to explain the 
relationship between antigen concentration and annulus area, and Berne (1972) 
has discussed some of these but in our studies, however, it v/as only the
Mancini equation v/hich gave a straight line.
1
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CONCENTRATION OF A ANTIGEN
Various concentration procedures were applied to different batches 
of A antigen, and these arc outlined in Table VIII. These procedures 
included precipitation with ammonium sulphate and polyethylene glycol, and 
the use of Lyphogel# alone and in combination with membrane ultrafiltration.
Concentration of antigen from cell culture fluid
Precipitation with '(NH^^SO^. *Analar' grade ammonium sulphate, (^4/2^ 4* 
was prepared as a saturated solution and the pH was adjusted to 6*0, 7*0,
8*0 and 9©0 using ammonium hydroxide (S.G.= 0*880)* The ammonium sulphate 
solution v/os carefully added to an equal volume of the antigen held in a 
beaker mounted on a magnetic stirrer at 4°« The salt solution was slov/ly 
run in via a dropping funnel over a period of 4 h, and the mixture left 
stirring gently overnight. The precipitate was deposited by centrifugation 
(IOOOxjj at room temperature) and the pellet was resuspended in a volume of 
PBS equal to l/l00th the original volume of the antigen pool. The concen­
trated antigen was stored in 5 ml volumes at -20°c
Under very acid conditions (pH 4©5) the ammonium sulphate produced an 
insoluble precipitate and although some antigenic activity was retained the 
titre was very low. With less acid salt solutions a soluble precipitate was 
obtained and the concentrated antigen had measurable activity.
Precipitation with polyethylene glycol. Polyethylene glycol (PEG, MWsa 6000, 
Carbowax^) was dissolved in the crude antigen pool to a concentration of 
6% (w/v) and the overall salt concentration of the mixture was increased to 
0*5M by the addition of 2*5g NaCl per 100 ml fluid. The mixture was stirred 
until the salt was dissolved and vms left for 36 h at room temperature. The
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#Gelman Hawksley Ltd., Lancing, Sussex 
Sjnion Carbide Ltd.
resulting precipitate was deposited by centrifugation (lOOOxg for 20 rain) 
and dissolved in PBS to l/l00th the original volume of the antigen pool*
The concentrated antigen was stored in 5 volumes at —20°* Although a 
precipitate was obtained by this method9 the titre was very low# This may 
have been due to a charge on the protein molecule not being compatible with 
PEG precipitation, or that PEG precipitates proteins of a molecular size 
outside the range in which A antigen lies#
Concentration with Lyphogel# Lyphogel is a partially dehydrated polymerised 
acrylaraide gel which absorbs about five times its own weight of water and 
other molecules up to a mol. wt# of 20,000 daltons# To every 5.0 ml of 
crude antigen 1 g of Lyphogel was added and the mixture was left for 5 h at 
4°# The concentrated fluid was strained for 1 h through fine nylon gauze 
and was then stored at -20° in 5-ml aliquots# The Lyphogel was regenerated 
by washing for 24 h with a volume of PBS equivalent to twenty times its 
swollen bed volume# This was followed by two similar washes with distilled 
water and the Lyphogel was finally dried in an oven at 70-80° for 8h# 
Concentration with Lyphogel followed by ultrafiltration. Concentration by 
Lyphogel was similar to the method'described above except that 1 g Lyphogel 
was added to every 7 ml of crude antigen and the mixture was stored overnight 
at 4°• The strained concentrate was then subjected to ultrafiltration 
through Diaflo* membranes in a pressure cell of the Amicorf type (Fig* 8).
Two types of membrane were used in the Type 52 cell, the PM-50 and XM-50 which 
nominally retained solutes of molecular weight of about 30,000 and 50*000 
daltons respectively# New membranes were soaked for 1 h in distilled water 
to remove the protective glycerine coating and the cell was then assembled. 
Fifty ml Lyphogel concentrate was put into the cell which was placed on a 
magnetic stirrer and pressurized to between 25 and 30 psi using gas pressure 
from a nitrogen cylinder# Filtration was halted when about 5 ml remained in
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^Amicon Ltd#, High Wycombe, Bucks. 
*Diaflo n "
Pressure relief 
valve and filling 
port
Gas pressure 
from
Cylinder Fluid to be 
concentrated
Magnet
Diaflo
membrane
Porous plastic 
disc i —
Magnetic stirrer
filtrate
Fig# 8 Amicon cell used for concentration of antigen 
preparations* XI
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the cell® The stirring rate was kept fairly high without inducing too 
great a vortex® When required, additional fluid could be added to the 
cell after depressurising. It was necessary to test the filtrate for 
the absence of antigen to ensure the proper function of the membranes®
The concentrated antigen was removed from the reservoir and was stored 
in 2 ml volumes at -20°® After use the membranes were removed and rinsed 
in saline, washed in several changes of distilled water and stored in 
10^  ethanol©
Concentration with Lyphogel was usually very effective, using either 
the gel on its own, in a 1 : 5 ratio, or followed by Diaflo membrane 
filtration, when it was used in a 1 : 7 ratio (Table VIII)®
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Of the tv/o membranes PM-30 retained all the antigen but XM-50 only about 
50^. (Table IX)
TABLE IX
COMPARATIVE RETENTION CHARACTERISTICS 
OF PM-50 AND XM--5O MEMBRANES
Antigen Starting titre Titres of antigen recovered
PM-30 XM-50
DEF I 5000 A units’5* 4500 2500
SAII 6000 A units 5100 2820
# i.e. 1 ml of a preparation. lO^ il of which produces an 
annulus area of 50 mm on assay.
The loss of approximately half the input antigen using XM-5<> membranes 
implied that the A antigen molecule was escaping through the membrane and 
therefore had a mol. wt. in the order of 50*000. However this estimate 
takes no account of the configuration or other properties of the molecule. 
Control batches of antigen prepared from uninfected cultures and similarly 
treated were invariably found to be negative. The failure to extract 
antigen from the MRC l/l batch probably reflected the fact that the 4-day 
culture contained little or no antigen.
Antigen produced in DEF tissue was generally produced sooner and reached 
a higher titre than that prepared in CK cultures and DEF antigen concentrated 
by Lyphogel in a ratio of 1 : 7 followed by further concentration over a 
Diaflo membrane proved to be the best source of antigen.
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Concentration of antigen from skin and feather tips* The supernatants 
from extracted skin (page 64) were rich in antigen, titres ranged from 
2.1 x 10^ A units/ml for the first batch produced, (SAI from two birds), 
to 6.0 x 10^ A units/ml for the second (SAII from nine birds). Other 
batches had titres between these figures. Extraction by chloroform 
removed lipid from the homogenised product but did not appear to affect 
its activity. Infectivity tests for residual virus both before and after 
CHCl^ treatment were negative. Negative findings after chloroform treatment 
were not unexpected because solvents of this type are well known to inacti­
vate herpesvirus. However, it might have been supposed that infectivity 
tests before treatment with the solvent would have been positive especially 
considering the highly infectious nature of unprocessed feather debris. 
However examination of some preparations by electron microscopy showed a 
number of particles present in the preparations with higher A antigen titres.
Feathers provided a source of A antigen which had similar titres to 
those obtained from skin, but more important, these preparations had low 
non-specific protein content. Furthermore, the tips of larger feathers 
yielded approximately twice as much antigen as was obtained from the smaller 
ones and this reflected the high pulp content of the large feathers. The 
A antigen obtained from feathers had a high antigen: protein ratio which 
implied a high degree of A antigen specificity; the absolute yields were 
comparable with those of cell culture material although cdl material had 
much more non-specific protein.
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THE PURIFICATION OF A ANTIGEN
Immunoadsorption was selected for the purification of pools of 
A antigen (Table X)e Two of these were derived from skin, one from 
feather tips and one from cell culture fluid, and its effectiveness was 
determined by (a) an increase in the antigen:protein ratio, and (b) a 
decrease in the number of bands produced in polyacrylamide gel analysis, 
while the antigen also retained its specific activity.
TABLE X
PROTEIN AND SPECIFIC A ANTIGEN ACTIVITY OF CRUDE A ANTIGEN 
PREPARATIONS SUBJECTED TO -IMMUNOADSORPTION
Antigen Source
Protein 
concentration* 
\ . (mg/ml)
Antigen 
concentration 
(A units/ml)
Antigen 
concentration 
per mg protein 
(ag:pr ratio)
DEF 1 Cell
culture
40o9 5000 122
SAI Skin 4.2 2100 500
SAII Skin 31.2 6000 192
FAII Feathers 4.9 4700 959
^measured by the method of Lowry et al« (1951)
Standard convalescent serum (RIR 22/6) and a specially prepared! MD 
immunoadsorption serum were immobilised in columns by the use of two 
separate techniques, first, polymerisation with glutaraldehyde, and 
second, coupling to Sepharose 4B* This second technique was further
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investigated to develop a ‘high capacity* column by prior immobilisation 
of antigen in order to remove non-specific activity in the serum and thereby 
provide a reagent with greater affinity for antigen per unit weight of serum 
protein*
Specific high titre antiserum to A antigen was obtained from precipitin 
lines from six gel diffusion slides* These were prepared as described above 
except that three parallel troughs were cut in the agar instead of the more 
usual wells. The centre troughs were filled with tissue culture antigen and 
the outer ones with MD convalescent serum. The resulting precipitin lines 
were cut out, pooled, emulsified in water and 0.2 ml emulsion and inoculated 
intramuscularly into fifteen chicks 17-18 days old. Immunisation was 
repeated four weeks later, and the chicks were also bled for buffy coat to 
monitor adventitious infection with MDV or related viruses. After a further 
four-week interval ten of the birds were bled out. Some blood samples were 
tested for buffy coat virus and from the rest about 100 ml of serum was 
separated and stored at -20°. Kidneys were also removed to test for the 
presence of MD virus. The remaining five chicks were mixed with uninfected 
birds and subjected to contact-challenge with MD over a period of eight 
weeks.
Preparation and use of immunosorbent incorporating glutaraldehyde The 
immunosorbent was prepared from both convalescent serum and the specially 
prepared serum described above. The method was a modification based on 
that of Avrameas & Ternynck (1969). Protein estimations on the antisera 
were performed by measurement of optical density at 280nm (ODggp) of l/lO 
or l/lOO dilutions of the samples, and application of the formula:-
protein concentration (mg/ml) = ?280 x dilution factor^
1<>3
Estimation of protein was also made by the method of Lowry et al. (1951)*
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Glutaraldehyde was prepared as a 25% aqueous solution and was added to 
the antigen pool at the rate of 0.1 ml per 25O mg protein (usually 6-10 ml 
serum). The reagents were mixed in a beaker at room temperature on a 
magnetic stirrer until the polymer was formed. This process took between 
30 sec and 10 min depending on the concentration of protein in the sample. 
The polymer was removed from the beaker and broken up into small fragments 
with a spatula. The fragments were suspended in 100 ml PBS (pH 7«0) and 
homogenised briefly (30 sec) in a Silverson homogeniser. Care was taken 
to avoid frothing and the consequent introduction of air into the polymer. 
The suspension was allowed to settle and the remaining suspended particles, 
or fines, were discarded in the supernatant. The deposit was washed six 
times by resuspending in 100 ml aliquots of PBS, and included one wash in 
glycine-HCl buffer at pH 2.4o The object of this low pH treatment, which 
was later to be used to elute antigen from the column, was to ensure that 
such a pH level did not damage the polymer. The product v/asstood overnight 
at 4°, the supernatant was discarded, and the polymer was packed into a 
column.
Columns were made from 10 ml plastic syringes* (Figs. 9 and 10).
Three ml Sephadex G-25 (fine) was pipetted into the barrel of a syringe 
already fitted with a porous plastic disc and excess buffer was removed.
Then 4»0 ral of a polymer/Sephadex mixture was layered on to this Sephadex 
bed and excess buffer again was removed. To produce the polymer/Sephadex 
mixture it was necessary to mix Sephadex G-25 (fine) with the polymer in 
a ratio of 3 : 1» thereby increasing the available surface area of the 
polymer by separating the beads. To achieve this the polymer was thoroughly 
mixed with the Sephadex using a microspatula and the mixture transferred to 
the barrel column. Finally a second porous plastic disc was placed on the 
surface of the immunosorbent to avoid disruption of the surface when fluids 
were introduced. The silicone rubber washer of a syringe was removed and
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^Gillette Industries, London.
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was pierced to take a small piece of glass tubing about 3 cm long by 
1 mm bore. This was fitted to the column and the whole apparatus was 
connected by peristaltic tubing to a buffer reservoir, fraction collector 
and spectrophotometer and was activated by a peristaltic pump (Figs. 9 
and 10).
The column was washed with about 100 ml PBS, pumped through at a rate 
of about 1 ml/min and the void volume was measured using blue dextran 
solution. This was done by halting the buffer flow and adding 1 ml blue 
dextran solution to the top of the column. The flow v/as restarted and the 
volume of buffer collected before the dye appeared represented the void 
volume. Between 2.0 and 5*0 ml crude antigen which had been assayed for 
both protein content and antigen titre was passed through the column and 
its progress was monitored spectrophotoraetrically. When all the protein had 
passed through, the buffer was changed from PBS pH 7*2 to glycine-HCl buffer 
pH 2.4* . Further 5«0 ml fractions were collected until it was evident that 
any adsorbed protein had been eluted from the column, or that none was going 
to be released. Fractions containing low pH buffer were neutralised by 
collection into molar barbitone-buffcrcd saline (pH 8.3f or 0.1M NaOH. All 
protein fractions contributing to discrete peaks were concentrated by 
precipitation with saturated ammonium sulphate (pH 7*0) or by concentration 
on Diaflo membranes, or by both methods together. Generally, a concentration 
of 100 times was effected and qualitative double diffusion tests were done 
followed by measurement of the antigen and protein concentrations from which 
antigen:protein ratios were established.
The serum prepared by the inoculation of chicks with material from 
emulsified precipitin lines reacted specifically against all A. antigen 
preparations tested to produce a single precipitin line. This demonstrated 
that antibody had formed against the A antigen and not against adventitious 
components of the crude antigen preparation such as calf serum. The specific 
line produced was, however, weaker than that observed in a direct test
See Appendix I
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between crude antigen and convalescent antibody, although concentration 
of serum (see below) yielded a preparation which gave a more distinct line*
No MD virus was recovered from the birds immunised with the precipitin 
material and, furthermore, these birds developed MD within 2 weeks of 
contact with clinically infected stock* Uninoculated control chicks showed 
no signs of the disease for a period of six or seven weeks after exposure*
Some difficulties were encountered in the preparation of immunosorbents 
with glutaraldehyde* The chief problem was the low level of protein in both 
the serum RIR 22/6 (convalescent) and the serum prepared against the 
precipitin line* At 280nm these contained 43 mg/ml and 25 mg/ral respectively 
and the value for RIR 22/6 serum was lateb confirmed by Lowry's method* 
Initially it was felt that these figures were low, especially considering 
that mammalian sera generally contain 90-100 mg/ml total protein* It was 
assumed therefore that each sample contained 100 mg/ml and in preliminary 
tests glutaraldehyde was added according to this estimate, but no polymer 
was formed* Consequently samples of both sera were concentrated at 4° by 
ultrafiltration over a Diaflo PM-30 membrane for 1 h at 25 psi followed by 
5-10 psi overnight* A 5-fold concentration was thereby achieved and aliquots 
containing 100 mg/ml y/ere polymerised by the glutaraldehyde within 10 sec 
and by 60 sec a hard rubbery compound was formed* At a protein concentration 
of 60 mg/ral only a sloppy polymer was formed which failed to harden even 
after 20 min* Intermediate reactions were found using levels of protein 
up to 100 mg/ml.
The fractions of protein collected after passage of crude antigen through 
immunosorbent prepared v/ith glutaraldehyde and precipitin band antisera gave 
very poor results, in that not only was antigen not bound in the column, but 
the precipitin band antiserum had a very low titre in gel diffusion tests.
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Immunosorbent prepared with standard MD convalescent serum was active.
Fig, 11 illustrates the two peaks in the trace, a major one occurring 
just after the introduction of the antigen (SAI) into the system, and 
eluted with PBS, and a second smaller one detected during elution with 
buffer at pH 2.4,
The results of all the experiments illustrated in the figures are 
summarised in Table XI, In the first experiment with glutaraldehyde- 
prepared immunosorbents about 8£$ of the input protein was recovered, with 
70fo of the input antigen collected in the void volume, indicating that 
little or none of the antigen had been bound. The minor peak detected 
spectrophotometrically (Fig, 11) did not provide enough material for detec­
tion of protein by Lowry's method or of antigen by gel diffusion. Even 
after 100-fold concentration of material from this peak no antigen was 
found.
The same type of immunosorbent also failed to retain the more potent 
skin antigen SAII, This preparation had a very high non-specific protein 
content (an ag;pr ratio of 192) but it also contained a high titre 
(6000 A units per ml) of specific A antigen. The high overall protein 
content is reflected in the trace shown in Fig, 12, When fraction 33 was 
reached peak 1 had passed through the column. Then the elution buffer was 
run through and a small peak (2) was observed lying within fractions 35“37e 
A second small peak (3) was detected just after the reintroduction of PBS. 
No antigen was detected in either of these small peaks but 75^ recovery was 
accomplished in peak 1. The third peak could possibly have been specific 
protein eluted on the second pH front, that is to say pH 2,4 to 7*2, rather 
than on the first pH front of pH 7<>2 to 2.4, or it could have been an 
artefact.
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Preparation and use of immunosorbent incorporating Sepharose 4B 
(low capacity system) An alternative method for the preparation of the 
immunosorbent was by coupling immunoglobulin molecules to Sepharose 4B 
beads following activation of the Sepharose with cyanogen bromide 
(Porath, Axen & Ernback, 1967). The immunosorbent was packed into columns 
similar to those described above and the immunoglobulin,y-globulin 
extracted from standard MD convalescent serum, was reacted with it by a 
procedure adapted from those of Hudson (1972) and Fantes (1973)*
The immunoglobulin was extracted from convalescent serum by adding, 
drop by drop, 20 ml 27?o (w/v) sodium sulphate to 40-ml serum at room 
temperature, to give a final salt concentration of 18?d. The mixture was 
stirred for 1 h and the resulting precipitate was deposited by centri­
fugation at lOOOxg for 15 min. The deposit was redissolved in 20 ml saline 
and the precipitation procedure was repeated as above but using only 10 ml 
sodium sulphate solution* After centrifugation the pellet was dissolved 
in 5 ml saline and was stored at -20°* An aliquot (0.1 ml) was assayed 
for protein concentration and purity by immunoelectrophoresis. (The latter 
technique was carried out by an independent worker).
3^5
Sepharose 4B , required for adsorption of the antibody# was subjected 
to an activation procedure. Thirty ml of stock suspension of Sepharose 
(equivalent to approximately 0.5 gm dry weight)Was washed once with distilled 
water. The material was harvested on a sinterglass filter, drained, and was 
transferred to a 250 ml beaker to which JO ml normal saline v/as added. The 
Sepharose suspension was stirred and the pH was adjusted to between 11.0 
and 11.2 by the addition of 2M NaOH. When stable at this pH, an equal 
volume of 3*9% (w/v) cyanogen bromide (CNBr) solution was added. The pH 
was maintained at between 11 o0 and 11.2 by the periodic addition of 2M NaOH.
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* Pharmacia Ltd., London.
When the reaction was complete (about 10 min) the pH ceased to fall, and 
the Sepharose was harvested on to a sinterglass filter# It was washed 
with 150 ml water at 4° drained, rinsed with 200 ml 0.07M NaHCO^, and was 
finally drained again.
The activated Sepharose was coupled with the immunoglobulin in the 
following way* The globulin was diluted to 25 ml with saline and was 
transferred to a 100 ml conical flask# After 250 mg sodium bicarbonate 
had been added and dissolved the activated Sepharose was added to the 
solution# The mixture was shaken thoroughly, the flask v/as sealed and 
placed on a rotary mixer for 48 h at 4°* After this the immunosorbent 
was washed twice with 250 ml saline then once with 100 ml saline containing 
antibiotics. All washings were retained and assayed for protein by the 
method of Lowry et al# (1951)# By subtraction the weight of the combined 
globulin was found. The immunosorbent itself was also weighed#
The conjugated Sepharose/globulin immunosorbent was packed into a 10 ml 
syringe barrel as described above, except that a supporting matrix of 
Sephadex was unnecessary. The column was rinsed with PBS at 4° until a 
constant zero line on the recorder was obtained. Between 2 ml and 5 ml 
crude A antigen preparation was then passed through the column and the 
uncombined protein peak was collected for analysis. Adsorbed protein was 
eluted with glycine-HCl buffer at pH 2*4 and fractions were collected for 
concentration by Diaflo ultrafiltration. After concentration the protein 
fractions were tested by gel diffusion against standard antiserum. Under 
certain circumstances it was necessary to include 10^ dioxane (1,4 dioxan* ) 
in the eluting buffer. This reagent has the effect of breaking antiger/ 
antibody bonds most efficiently.
Immunosorbents prepared using Sepharose 4B were more satisfactory for the 
purification of A antigen than those made using glutaraldehyde. Good 
quality ^ -globulin containing 35»6 mg protein per ml was obtained from the
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# May and Baker Chemicals Ltd.
standard convalescent serum, and the purity of this preparation, assessed 
by Immunoelectrophoresis in agar gel against a goat anti-chick serum 
(Plate 11) was comparable to commercially produced chicken y^globulin.
GrOAT ANTI-CHICKKN SERUM
Commercial Whole Prepared
|J-globulin Serum V-globulin
Plate 11. Immunoelectrophoretic 
analysis of ^ -globulin extracted 
from MD convalescent serum RIR 22/6.
Furthermore the coupling of the y-globulin to Sepharose was entirely 
satisfactoryo Thus when 178 mg globulin, diluted to 25 ml, v/as coupled 
to the activated Sepharose 4B no free protein could be detected by washing. 
However in tests with antigen SAI the recovery of both antigen and total
104
protein was less than that obtained when using the glutaraldehyde column 
(Table XI, line 3). After the use of dioxane in the eluting buffer signi­
ficant amounts of protein and antigen were recovered (Table XI, line 4)* 
Total antigen recovery approached 80fZ which v/as better than that achieved 
in the glutaraldehyde method. It was possible that the antigen in the 
first test was bound to the column very strongly and that elution at pH 2.4 
did not release it.
Unlike the traces obtained using glutaraldehyde immunosorbent, those 
obtained using Sepharose 4B showed a shoulder to the first large peak, and 
this was. followed by a second normal peak prior to the application of 
eluting buffer (Figs. 13 and 14)* When normal eluting buffer was used no 
protein was removed from the column, but in the presence of dioxane a 
third peak developed which represented the antigen (Table XI, line 4)* The 
fact that the primary peak was smaller in the second of the two tests on 
SAI (Fig. 14) reflects the lower input volume of antigen;
Preparation and use of immunosorbents incorporating Sepharose 4B 
(high capacity system) The efficiency of the Sepharose immunosorbents 
was limited by the capacity of the column, both in terms of volume and of 
the potency of the (in this case) globulin immunosorbent. An attempt was 
therefore made to try to increase the potency of the reagent by the 
creation of a *high capacity* column. In essence the same procedure was 
employed as described above, except that instead of coupling globulin to 
Sepharose 4B crude skin antigen (SAII) itself v/as used. This complex was 
then used to purify specific globulin which was subsequently coupled to a 
fresh batch of Sepharose. In this way a double purification procedure v/as 
achieved and the second column had a far higher binding potential for 
antigen than the previous Sepharose type of immunosorbent.
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For the preparation of the Sepharose/antigen complex, 5 mi SAII at 
a concentration of 20 mg/ml was coupled to 14 ml activated Sepharose 4B. 
V/ashings from this complex were protein-free, indicating that all the 
antigen had been coupled. When using this complex for the purification 
of the -globulin, 5® ml standard convalescent serum was slowly passed 
through the column and the eluate (pH 2*4 buffer) concentrated in propor­
tion to its protein concentration. This provided 5 ml specific globulin 
which was then used to prepare the high capacity product by coupling it 
in the way described earlier. The only significant modification was the 
use of borate-buffered saline* pH 8.3 (BBS) instead of PBS (Hudson, 1972).
The high capacity column was used for the purification of feather 
antigen and tissue culture antigen. Table XI* line 5* sumnarises the data 
for feather tip antigen and shows a recovery of 72% of the input antigen 
in purified form; this represented a purification factor of 11.8 times, 
which is much better than the low capacity system. Fig. 15 represents the 
trace of the run and again shows a shoulder to the first protein peak as 
well as a small secondary peak appearing just before eluting buffer was 
applied. With regard to purification of cell culture antigen in the 
system, Table XI, line 6 shows that 62% of the input antigen was recovered 
in purified form representing a purification factor of 15 times. Fig. 16 
reveals a very large first peak reflecting the high serum content of cell 
culture fluid. The purified antigen shows as a distinct peak during 
elution with dioxane containing buffer.
The high capacity column produced relatively pure A antigen in these 
tests although only small quantities were available after concentration to 
volumes suitable for assay.
108
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Larger input volumes produced proportional increases in yield, 
the antigens used for this being FAII and DEF 1* In both cases approxi­
mately 1 ml of purified product was obtained and their characteristics 
are summarised in Table XII*
TABLE XII
MD ANTIGENS PURIFIED BY IMMUNOADSORPTION
Antigen
ag:pr ratio 
before after 
Purification
Purification
factor
Titre of 
pure 
product 
(A units)
Protein
concn.
(mg/ml)
Total
Yield
(ml)
DEF 1 
FAII
122 1708 
959 11500
14x
12x
4300
4000
2*52
0*55
0.8
1.0
The purification procedures yielded antigen between 12 and 15 times 
as pure as the starting product, with a recovery rate of up to 72/o of 
the input value as pure antigen* This compares well with the results of 
Ross, Biggs & Newton (1973) who achieved a greater degree of purification 
(20-fold) but only at the expense of a lower recovery rate (up to 45^)*
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THE CHARACTERIZATION OF A ANTIGEN
The A antigen was subject to various tests and conditions to provide 
comprehensive diagnostic data on the nature and homogeneity of the various 
preparations.
1. Sensitivity to physical and chemical factors
Temperature. Both tissue culture and skin antigen preparations 
were subjected to these tests. Vials containing 0,1 ml aliquots of the 
undiluted antigen, previously sterilized by Millipore filtration, were set 
at temperatures ranging from -70° to 100°. After various time intervals 
the antigen was sampled asepticaliy, the vial re-sealed and returned to the 
testing temperature. The antigen sample was generally tested in a simple 
qualitative double diffusion test, except for two temperatures (4° and 37°) 
where quantitative radial diffusion assays were performed.
The qualitative results of this test are shown in Tables XIII and XIV, 
and the thermal decay curves are illustrated in Fig. 17* It can be seen 
that both types of antigen were markedly stable to temperature as high as 
56° for 50 min, and further, that there v/as little variation between skin 
antigen (SAI) and the tissue culture material. The thermal decay curves 
(Fig. 17) show a half-life in excess of 90 days for both antigens, though 
with so few sampling points over so great a time scale this figure is open 
to argument.
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TABLE XIII
THERMOSTABILITY OF MD A ANTIGEN: 
Wet preparation, MRC Ml
Temp,1 100 56 37 25 RT2 4 -20 -70
Time
30 min -3 +4 5
60 min +
120 min -
1 day 1 + + +
3 days 4* + + +
7 days + + + +
10 days + + +
14 days + +
21 days + +
28 days + + + +
38 days + + + +
3 months + . + +
6 months + +
N.B, See notes at foot Of Table XIV.
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TABLE XIV
THERMOSTABILITY OF BID A ANTIGEN 
Wet preparation, SAI
Temp.* 100 56 37 25 *2
to
4
0rr0•5f
Time ' -
30 min -3 +4 + 5
60 min +
120 min -
1 day + + +
3 days + + +
7 days - + 4- +
10 days + + 4*
14 days + -6
21 days + .6 4*
28 days + +
38 days + -6 +
3 months + + +
6 months + +
Notes: 1 °C
2 Room temperature. Varied between 18° and 23°.
3 Negative result on gel diffusion.
4 Positive result on gel diffusion.
5 Unless a result is indicated, antigen was not tested.
6 Sample contaminated.
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(b) Freeze drying. The ability of both skin and tissue culture 
antigen to withstand freeze drying was also investigated and the temperature 
stability of the products tested. Samples^0.15 ml) were diluted 1+1 either
3}J
with water or 25% Sol-u-pro .# The freeze-drying was performed on a 
laboratory freeze-dryer, secondary drying being carried out over phosphorus 
pentoxide. Ampoules were filled with oxygen-free nitrogen before sealing# 
Moisture content was estimated on the dried products#
Both antigen dried with and without Sol-u-pro were active on 
reconstitution with water to the original volume, and moisture contents 
were between 0o9 and l#3^o Freeze-dried products remained stable in sealed 
ampoules for at least two months at room temperature and at least six months 
at -20°.
(c) pH. Buffers of pH 3 to 9* in one pH unit steps, were prepared 
to 0#1M concentration. Aliquots (0.05 ml) of both skin and tissue culture 
antigens (previously titrated) were mixed with the same type of buffer in 
Microtiter tray wells, which were then sealed. The wells were sampled 
after time 0, 1 h and 24 h at room temperature and samples were tested by 
qualitative and quantitative double diffusion. The 1 h samples were further 
assayed by radial diffusion#
Stability to the various pH values is shown in Table XV, and the 
titres of the 1 h samples are shown in Table XVI# Aliquots were not 
neutralized on sampling, reliance being placed on the buffering capacity 
of the test agar.
It may be observed that while there is a slight drop in titre towards 
the extremes of the pH range, the antigen is markedly stable to changes in 
acidity and alkalinity. The buffer of pH 2.4 was included in the test 
because it was this reagent which v/as used in the purification by immuno­
adsorption, as described earlier.
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pH STABILITY OF MD A ANTIGEN
Buffer*
CELL CULTURE 
ANTIGEN (MRC l/2) SKIN ANTIGEN (SAI)0
pH 0 1 24 0 1 24
Glycine HC1 2.4 + + NT +3 + NT4
Citratq/phosphate 3.0 + + 1/8 + + 1/4^
Citrate 4.0 + + 1/8 + + 1/4
Citrate/phosphate 5.0 + + i/s + + 1/4
Phosphate 6.0 + + 1/8 + + 1/8
Phosphate 7.0 + + 1/8 + + 1/4
Barbitone 8.0 + + 1/8 + + 1/4
Borac acid/borax 9.0 + + 1/8 + + 1/4
Water 6.8 + + . 1/8 + + . 1/4
Notes: 1 See Appendix I for formulae.
2 Time after sampling (h).
3 Titre by qualitative (+/“) on semi-quantitative 
(l/4, etc*) reaction.
4 Not Tested. »
TABLE XVI 
pH STABILITY OF MD A ANTIGEN 
Quantitative assay of samples taken after 1 hour
pH Antigen
MRC 1/22 SAI1
2.4 1760 18703
3.0 1780 I84O
4.0 1780 I856
5.0 1780 1890
6.0 1800 1980
7.0 1860 1960
8.0 I84O I960
9.0 1820 1880
Notes: 1 Starting concentration 2100 A units per ml.
2 Starting concentration I84O A units per ml«
3 A units per ml. Titres have been doubled 
to account for dilution with buffer.
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(d) Organic solvents. Aliquots (0.2 ral) of skin, feather and 
cell culture antigen were each shaken with equal volumes of four organic 
solvents in 1 ml straight ampoules at room temperature for 10 min0 
Stability was assessed by qualitative double diffusion tests, after gently 
passing a stream of compressed air through the antigen to evaporate the 
solvent* Four solvents, chloroform, acetone, ethyl alcohol and ether were 
used, and all left the antigen unaffected over a 10 rain period*
Enzymes * Trypsin and papain were prepared at 0*05 and 0.1% (vr/v) 
concentrations in PBS and equal volumes (0.2 ml) of enzyme and antigen 
incubated at 37° and 20° for 10 min and 1 h. Enzyme action was stopped 
by the addition of 0.5 ral 0ol% human serum albumin, and the mixture 
concentrated to 0.2 ral using a Minicon concentration unit. Control 
samples were treated in the same way, except PBS was added instead of 
trypsin. Antigen activity was assessed by double diffusion in agar gel*
The results are shown in Table XVII below. It may be seen that both 
trypsin and papain, even in. lower concentrations, inactivated the antigen 
rapidly at 37°» though less rapidly at 20°.
TABLE XVII
EFFECT OF ENZYMES ON MD A ANTIGEN
Trypsin 
0.05^  0.1%
Papain 
0.05$ 0.1%.
Control
(PBS)
(SAI mm ' ■ + + +
10 min (
(MRC 1/2 •• ± +
(SAI mm ■ «a mrn ' +
60 rain (
(MRC 1/2 ■v *• mm +
Note: I Indistinct precipitin line in gel.
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2. Characterisation by density gradient ultracentrifugation
Experiments were carried out to investigate the relationship between 
the A antigen and the virus particle* Pools of virulent MDV (HPRS-16) and 
HVT were selected having infectivity titres of not less than 10^ p.f.u./ml 
and the skin antigen (SAII) and duck embryo fibroblast antigen (DEF l) 
were equivalent starting materials for most of the antigen studies, but 
feather antigen (FAII) was also used in a small number of tests and found 
to behave exactly as SAII. Although antigens were checked qualitatively 
before use they were not assayed quantitatively.
£
The gradient materials were sucrose, glycerol and potassium tartrate *
Potassium tartrate was of GPR grade, the sugars were Analar reagents.
±
Cellulose nitrate tubes with a nominal capacity of 5*5 ®i were used 
and were sterilized where necessary by exposure to UV radiation for 2 h 
in a laminar flow cabinet.
Glycerol gradients were prepared on a volume/volume basis, that is 
a 60$ solution was prepared by mixing 60 mi glycerol with 40 ml water. 
Sucrose solutions were prepared weight/weight by dissolving the sugar in 
water in the ratio of 60g to 40g. Potassium tartrate solutions were 
prepared on a w/v basis.
Gradients were prepared from sucrose solutions and glycerol (sterilized 
if necessary by tyndallization) by dividing the total gradient volume by the 
number of steps in the gradient and placing the appropriate volume of 
heaviest of the steps in the bottom of the tube using a pipette. Further 
steps were carefully layered on the preceding one using a syringe fitted 
with a 21 swg needle bent towards the side of the tube (Fig. 18). When 
complete, the gradient was held at 4° overnight to allow it to equilibrate. 
Gradients for isopycnic potassium tartrate centrifugation were established 
by the salt during centrifugation. Sugar gradients were generally prepared
.119
•t* All supplied by Hopkin & Williams Ltd. Essex.
+ Beckman RIIC Ltd. Fife.
1 il syringe
cellulose nitrate 
tube
Fig* 18 Showing the method 
of preparing sucrose and 
glycerol gradients.
^band
- sucrose gradient
'band being withdrawn
swg needle, bevel down
Fig* 19 Showing the method 
of withdrawing bands from 
gradients.
in 5 ml volumes, made up of 1.0 ml volumes per dilution. Samples (0.5 ml)
were carefully added using a syringe and the prepared gradient was centri- 
o
fuged at 4 > the speed and time being determined individually for each 
experiment, and allowed to coast to a stop without the use of the braking 
mechanism* The tubeswere removed and fractions were collected either with 
a fraction collection systenf or by piercing the side of the tube and 
withdrawing the appropriate volume into a 1 ml syringe (Fig. 19)* Indivi­
dual fractions were dialysed against water, or buffer, to remove the 
sucrose and concentrated either by further dialysis against Carbowax or by 
ultrafiltration. They were then tested as required.
Tests were done on both cell-derived and supernatant fluid material, 
and HVT as well as virulent MDV was used. For cell-bound antigen, pools 
were prepared in chick embryo fibroblast cell culture, the infected cells
being harvested and the supernatants discarded. The cells were resuspended
6 6in a volume of water to give between 10 and 5 x 10 cells/ml, and subjected 
to ultrasonication in an ice bath (3 bursts of 15 sec/burst, amplitude -O^ i). 
Samples of 0«5 ml were layered on the gradients as described above.
Seven different, but related, experiments were done. In one, HVT- 
infected CEF cells were centrifuged in three glycerol gradients of 0-30/6, 
30-60^ and 60-90%, for 5 h at 83,000xg. No bands were observed and there­
fore the centrifugation was resumed for a further 16 h at the same speed.
In the first gradient no bands were observed, all the materials having 
pelleted. In the other two gradients bands were seen, and a pellet also 
had formed. These two gradients are illustrated in Plate 12, and it can be 
seen that there is little difference between the positions of the two bands 
relative to one another, and they also occur in approximately identical 
positions in each tube; however, the pair in tube 2 lies in 30-40?° glycerol
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whilst in tube 3 they lie in 60~7C^ glycerol. They thus could be the 
same bands, but the evidence is not conclusive.
Plate 12. Ultracentrifugation of HVT-infected 
C£F cells in 3^-60^ and 60-9O*X» glycerol gradients.
On removal from the tube and testing in double diffusion tests, no reaction 
was obtained* The pellets however, were both removed and examined in the 
electron microscope. Herpesvirus particles were observed, invariably naked, 
and many of them were distorted or split open, possibly due either to the 
prolonged period of ultracentrifugation, or to osmotic effects.
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In a second experiment HVT prepared as before was centrifuged in 
30-50^ and 10-50$ potassium tartrate gradients* again at 839000xg for 5 h.
In the first gradient two bands were apparent in addition to a general 
haziness throughout the tube* the bands being positioned in the yrfo and 
50% zones (approximately). In the second tube there were also two bands* 
although it was possible that the two were in fact one band which had 
broken during extraction of the tube from the bucket* These gradients 
are illustrated in Fig* 20; no virus or antigen was recovered from these 
bands* however* and the use of potassium tartrate gradients was discontinued*
bands<
m m
f-:
\  v*
~band(s)
30-50$
K tartrate
10-50$
K tartrate
Fig* 20. Ultracentrifugation of HVT in 30-50% and 10-50$ 
potassium tartrate gradients.
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In a third experiment HVT was centrifuged for 5 h at 98,500xjg in 
three sucrose gradients, 10-62^, 10-35/“ end 42-62?$. Two bands were 
obtained in the gradient 1 (10-62?$) near the bottom of the tube at about 
the 40-50?$ level* No bands were observed in the first of the two shallower 
gradients (10-35/°» gradient 2) at the bottom of which a pellet had formed* 
However, three bands were seen in the second shallower gradient (42-62?$, 
gradient 3) the two principal ones lying in the 38-45^ level, and therefore 
corresponding to the bands observed in the first gradient, and a third band, 
more diffuse than the other two, at about 5®~55%* These results are shown 
in Plate 13«
In addition to the easily visible bands described, there was a general 
haziness apparent at the tops of the gradients*
Gradient 1 Gradient 2 Gradient 3
10-62?$ 10-35$ 42-62?$
Plate 13» Ultracentrifugation of HVT in sucrose gradients.
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On analysis by double diffusion tests and electron microscopy the 
following results were obtained against RIR 22/6 serum (HD convalescent)
Band 1<>! (gradient l) and Bands 3*1 a^d 3*2 (from gradient 3)(which proved 
impossible to separate) gave single, though very indistinct, hazy lines 
in gel tests; there was no virus observed under EM from any band. Band 1.2 
and Band 3*3 gave negative reactions on gel tests against this serum, and 
again* showed no virus on EM. The pellet in tube 2 however, on washing 
with water to remove sucrose and re“Spinning at 19,000 xjj in an angle 
centrifuge head (Type 50), showed distinct herpesvirus particles, albeit 
broken up and without envelopes (Plate 14)*
100nm
Plate 14. Herpesvirus particles seen in the pellet from 
sucrose gradient 2 (xl65,000).
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Two further observations were made on a repeat of this experiment; 
(a) although Band 1*2 and Band 3*3 had given negative reactions with 
the MD convalescent serum they both gave identical reactions against a 
chicken serum from birds inoculated with the HVT strain under test; 
this reaction consisted of a double line in the gel; (b) the hazy band 
remaining at the tops of the gradients (termed Band 0) was active against 
both HD convalescent serum and HVT serum, giving lines of identity with 
feather and tissue culture antigen. These reactions are illustrated in 
Figs. 21a-d. Thus it is possible that the main component of the HVT 
A antigen remains at the top of the gradient, whilst some, possibly more 
avidly bound to the virus or cell debris, moves further down the tube. 
This would account for the correspondingly weaker gel lines given by the 
bands 1.1 and 3*1 +3.2. The lack of reaction of the other bands with 
MD antiserum, coupled with the positive reaction against HVT antiserura, 
appears to indicate some degree of additional specificity possessed by 
the latter reagent.
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std
MD
a/s
1.1
HVT
1.2
3.3
Fig. 21a Fig. 21b
1.0
TC
std
MD
3.0
SAI SAI
std
2.0
SAI
1.0
Fig. 21d
Fig. 21a-d. Showing the immunodiffusion reactions obtained-with 
various bands from sucrose gradient ultracentrifugation of HVT, 
and the comparative reactions with standard A antigen preparations,
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In a fourth experiment HVT was centrifuged at 98,500xg in sucrose 
gradients of 20-*60% (w/w) and 10-70% w/w. In both gradients there were 
the same number of bands, those in the former being slightly more spread 
out than in the latter. (Plate 15).
1 2 
20-60% 10-70%
Plate 15o Ultracentrifugation of HVT in sucrose
gradients.
There were no pellets. The bands were removed, particular attention 
being paid to the topmost band in each gradient. On testing against 
convalescent serun, these top bands (Bands 1.0 and 2.0) were shown to 
have A antigen activity. No virus was observed under EM. Band3 1.1 
and 2.1 gave no reaction against the serum and showed no virus particles.
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Neither Bands 1#2 nor 2.2 gave precipitin lines when tested against 
convalescent serum; in this case, however, virus particles were observed. 
Against HVT antiserum, Bands 1.0 and 2.0 gave a reaction similar to that 
given by MD antiserum, a single line being produced. Bands 1.1 and 2.1 
gave very faint precipitin lines, whilst Bands 1.2 and 2.2 gave intense, 
single precipitin reactions. These results are summarised in Table XVIII.
TABLE XVIII
REACTIONS OF SUCROSE DENSITY GRADIENT FRACTIONS 
OF HVT AGAINST MD AND HVT PRECIPITATING SERA
Fraction Precipitin reaction against: 
MD a/s HVT a/s
Virus
under
EM
1.0 ) 
2.0 ) ++’ +
29*
1.1 ) 
2.1 ) ”V
+ -
1.2 ) 
2.2 )
- ++ +
Notes: 1 Precipitin reactions graded i (very faint)
to + + ( easily observed).
2 + or - indicate presence or absence of virus
In a fifth experiment three types of MDV were prepared and samples 
adjusted to the same titre (10^ p.f.u./ml). The infected cells v/ere 
concentrated, ultrasonicated, layered on the top of 10-60j& sucrose
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gradients, and centrifuged at 98,300x£ for 5^ h. The three viruses were 
virulent MDV KPR3-16 and HVT (both also already described); and a naturally 
attenuated form of MDV, isolated from a clinically normal 4 weeks-old chick. 
This virus had been grown up in CSF cell culture to pass level 38 and was 
prepared as a commercial product* • By all routine tests it was, at the 
passage level tested, not capable of inducing the formation of A antigen. 
There may have been other antigenic differences present in this agent, but 
these were not apparent and were not considered. On examination of the 
gradients after ultracentrifugation the patterns shown in Plate 16 were 
observed.
Attenuated
MDV
Virulent
MDV
Plate 16. Ultracentrifugation of infected cell extracts of 
attenuated MDV, virulent MDV, and HVT in sucrose gradients. 
Photographic lighting conditions prevented the optimum 
resolution of the haziness of Bands 2.0 and 3.0.
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Though Bands 2.0 and 3«0 were not resolved by photography, the 
characteristic haziness was apparent. Band 2*0 (from virulent MDV) 
gave a positive precipitin line with convalescent serum, as did Band 3«0 
(from HVT). Analysis of the top of gradient 1 failed to detect any 
activity. None of Bands 1.1, 2.1 or 3«1 were active. Virus particles 
were detected in Bands 2.2 and 3*2* but not in 1.2. There was, however, 
a great excess of contaminating cellular protein present in this Band. 
Buoyant density measurements, made by including hollow glass beads of 
kno?/n specific gravity^ in one of the tubes, indicated that the A antigen 
bands had a buoyant density of not greater than 1.1 and that -the virus 
particles were banding out at a density of about 1.25* Tests involving 
prior sterilization of the tubes and sucrose solution, followed by 
infectivity tests of the bands on CK monolayers, failed to recover 
infectious virus from any band, even those which showed virus particles 
in the electron microscope.
In a sixth experiment, two sucrose gradients of 10-59& (w/w) were 
formed as already described, in SW 25 tubes (total capacity 27.5 ral)«
2 ml skin antigen (SAII) were layered on the gradient, and 2 ml of a cell 
culture-derived (supernatant) A antigen (DEF 2) layered on the second.
They were ultracentrifuged for 6 h at 30j>000xg* On examination there were 
no visible bands, though the transparent buff colour characteristic of 
skin antigen, and the pink colour characteristic of cell culture antigens 
were apparent at the tops of the gradients. .1*0 ml fractions were collected 
and diluted 1/10 to reduce the sucrose concentration. The 0^280 ^or eac*V 
fraction was then measured, and fractions comprising any discrete peaks 
were retained. The results are shown in Fig. 22.
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* Beckman RIIC Ltd. Fife.
2.5
© —© DEF 2 
A - A  SAII
2.0
1.5
1.0
30
Fraction
Fig 22 Ultraceritrifugation of A antigen preparations in sucrose 
density gradients* Fractions were collected from the bottom of 
the gradient first*
Fractions 22-26 (in both cases) were pooled and ultracentrifuged 
at 127f000xg overnight* In both cases glutinous pellets formed, which 
were each resuspended in 0*1 ml PBS and tested in gel against standard 
KD convalescent serum where they both gave positive results* Supernat­
ants treated overnight with (NH.LSO. pH 7«3 yielded no further antigen*
4 ^ 4
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In a seventh, and final, experiment, the experiment was repeated 
using DEF 1, the total protein concentration of which was known to be 
approximately the same as that of SAII. Peaks were once again obtained 
as shown in Figo 23. In addition, the gradient was checked by plotting 
the sucrose concentration as measured by refractometry, and an approxi­
mately linear graph was obtained.
2.5
O DEF1 
a SAII
2.0
0.5
Fraction
Fig. 23. Ultracentrifugation of A antigen preparations in sucrose 
density gradients. Fractions were collected from the bottom of 
the gradient first.
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3* Characterisation by electrophoresis in Polyacrylamide Gel
This technique was used not only for characterisation of antigen 
but also to monitor the purification process described earlier* Samples 
of crude and pure antigen were electrophoresed and the decrease in the 
number of bands due to removal of non-specific protein gave a qualitative 
visual indication of the degree of purification attained*
ijc
Acrylamide was obtained from Koch-Light Laboratories Ltd. , and 
N,N*-methylene bis-acrylamide (= bisacrylamide) from Eastman Kodak Ltd*
A mixture containing 95% acrylamide and 5% bisacrylamide was also used 
and obtained as ‘Cyanogum 41* from B.D.H. Ltd.^. N,N,N*N*-tetramethyl- 
ethylenediamine (TEMED) was obtained from Eastman Kodak Ltd* Barbitone 
buffer (pH 8*3) and phosphate buffer (pH 7©2) were both used* at 0.1M.X
The electrophoresis apparatus was either that supplied by 
Shandon (Southern) Laboratories Ltd. (Fig. 24.) or of the Quickfit type 
made by James A. Jobling Ltd.^ In instances where the use of gels larger 
than those provided for by either of these pieces of equipment was required, 
apparatus designed and marketed under patent by the National Institute for 
Medical Research/ was employed.
The gel was prepared in various ways. In early experiments 
'Cyanogum 41* was used. Later, the proportion of bis-acrylamide to acryla­
mide was varied, thereby requiring the separate weighing of the two consti­
tuents. Also in later experiments recrystallised reagents were employed,
acrylamide being dissolved in chloroform at 50°, filtered hot, and allowed 
to crystallise out at 4° a^d 20°; bis-acrylamide was similarly recrystal­
lised from hot acetone. Recrystallisation was necessary to remove UV- 
absorbing materials from the reagents.
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Maidenhead, Berks. x see Appendix I
++ Poole, Dorset.
§ Stone, Staffs
y* London, N.Y/.7*
top
electrode
top buffer 
reservoir
^  ^  y  ^  ^
buffer
gel in 
'Precibor' 
tube
botton 
electrode
Fig. 24- Apparatus for polyacryla*ide gel electrophoresis 
gels are shown.
Only four
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Gels containing a total acrylamide concentration of 5% were generally 
employed, jfo of this being bis-acrylamide* Unless *Cyanogum 4-1 * (l.251g) 
was used, 1.188g acrylamide and 0.063g bis-acrylamide were dissolved in 24 ml 
buffer* TEMED (0.1 ml) r/as added as a catalyst to the acrylamide solution 
which was well mixed and stored temporarily at 4°. The required number of 
'Precibor* tubes were assembled each with a plastic cap and stood in 
Plasticine to hold them vertical. One ml 0.7^ ammonium persulphate was 
dissolved in the acrylamide solution to initiate polymerisation, and 1*0 ml 
volumes of the solution were transferred to each Precibor tube using a 1 ml 
syringe fitted with a bent 21 swg needle. Degassed distilled water (0.1 ml) 
was layered on top to prevent oxidative inhibition of polymerisation, and 
to stop meniscus formation. The gel was allowed to polymerise for 30 min 
at room temperature, after which the end caps were removed and the water 
layer blotted off with a tissue. The gels were then usually held at 4° for 
2-3 h before use in order to allow polymerisation to be completed. The 
tubes were fitted through siliconized grommets into the upper buffer 
reservoir in the manner shown in Fig. 24, and the whole assembly fitted 
to the lower reservoir, which had been filled with buffer to a depth 
sufficient to cover the bottom of each gel tube. Any air cavities were 
removed using a 1 ml syringe and a bent needle.
Each sample for electrophoresis had a final protein content of between 
5 and 10 mg per ml, taking into account any dilution imposed by various 
sample treatments (see below). This concentration was later reduced to 1 mg 
per ml. Sample volumes of lO^ il (treated or untreated) were mixed with an 
equal volume of 10% (w/v) sucrose solution; the sucrose rendered the sample 
more dense and it thus remained in close proximity to the gel surface prior 
to moving into the matrix.
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Samples v/cre sometimes treated before electrophoresis to render the 
protein molecules more hydrophilic, and to disrupt the tertiary structure* 
A reduction mixture of 12^ (vi/v) sodium dodecyl sulphate (SDS) and 0.6% 
2-mercaptoethanol was prepared and stored at room temperature* One volume 
of this mixture was added to 2 volumes of sample in a 1 ml ampoule and 
held in a boiling water bath for 3 rain after which the ampoule was cooled 
in ice and then applied to the gel* When samples treated in this way were 
electrophoresed, gels incorporating 5M or 8M urea were employed, the urea 
being added to the aerylamides during weighing.
Electrophoresis was carried out at room temperature. Samples in 
smaller gels (1*0 ml) were electrophoresed for between 90 and 120 min. A 
bromophenol blue marker was incorporated in one of the samples and the 
electrophoresis terminated when this reached the bottom of the gel* A 
current of 3mA per gel was applied until all the sample had passed into 
the gel matrix, when 5raA per gel was passed for the remainder of the run* 
Larger (4*5 ral) gels were electrophoresed for 15 h at a current of 3mA per 
gel over the entire period* Gels were removed from the tubes by gently 
squirting water down the inside of the tube from a syringe and needle, at 
the same time using the needle to free the gel from the tube wall* The 
operation was carried out under water and caused no damage to the gels*
Gels were stained for 30-60 min in 1% (w/v) Amidoblack dissolved in 
7% (v/v) acetic acid* De-staining was accomplished by immersion of the gel 
in successive changes of 7% acetic acid at 45°• This process took 2 or 3 
days before de-staining v/as complete.
After de-staining gels were scanned at 620 nm in a Joyce-Loebl 
Chromoscan . Unstained gels were scanned at 260 nm.
Application of the method provided evidence of specific protein bands. 
Traces obtained by scanning stained gels of four samples are shown in 
Figs* 25-28. Antigen preparations electrophoresed without any prior
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treatment produced a number of well-defined bands, whilst those which 
were subject to reduction and electrophoresis in urea/SDS gels generally 
showed one less well defined band together with one or more subsidiaries* 
Electrophoresis of untreated DSF 1 and SAII antigen revealed a major and 
two minor components in common between the two antigen preparations 
(peaks 3» 4 and 5 in Fig* 25, and 2,3 and 4 in Fig* 26)* The cell culture 
material appeared to have two bands additional to the common ones, while 
the skin-derived antigen seemed to possess one extra band, Band 1, (though 
this is larger than either of the two bands present in the DEF 1 antigen). 
Electrophoresis of control antigen preparations showed a marked decrease 
in the height of the major peak in each preparation, and more so in the 
skin antigen* To try to find which of these peaks was active antigen, 
electrophoresis of a positive skin antigen preparation was repeated and 
the gel sliced in half longitudinally. Half was stained in the usual way, 
and the location of the various bands confirmed. The other half was placed 
flat side down, on a plastic (Hyland) slide and radial diffusion agar 
containing 10^ standard MD antiserum pipetted on to the slide so that the 
polyacrylamide gel was embedded in the agar. The assembly was set overnight 
at room temperature in the humidified box used for conventional tests, and 
on examination a zone of precipitation was seen extending radially outwards 
from the area in the polyacrylamide gel cylinder corresponding to the 
location in the stained gel of the major peak. This is illustrated in Fig* 29*
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Area of precipitation 
caused by diffusion of 
antigen into RDT gel
A antigen band
/
po1yaerylam i d e 
gel
Radial Diffusion 
Test agar
Fig# 29« Showing the location of A antigen in preparations 
electrophoresed in polyacrylamide gels#
It was thus apparent that the major band in the electrophoresed 
sample was in fact the A antigen, or it at least contained the A antigen# 
An experiment was carried out to estimate its molecular weight by acryla­
mide gel electrophoresis# Samples of tissue culture antigen, feather and 
skin antigen (pure and crude) and bovine serum albumin (BSA MW = 67,000 
approx#) were all run in parallel# Bromophenol blue markers were included 
in each gel and when these were approximately 1 cm from the end of the run 
the gels were extracted and sliced in half longitudinally. One half of 
each was embedded in RDT agar as described above and the position of the
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area of immunoprecipitation was noted. The other half of each gel was 
stained as usual and Rp values calculated for the leading edge of each 
band giving a positive reaction in.the immunoprecipitin test, and also 
for the BSA. By this means the A antigen (Rp= 0*72-0*73) was found to 
have a molecular weight between 50*000 and 60,000, slightly less than 
that of BSA (%= 0*74).
Polyacrylamide gel electrophoresis was also used to monitor the 
purity of A antigen preparations produced by imraunoabsorption* Large 
(4*5 ml) non-urea gels were used for this, to achieve optimum separation, 
the acrylamides being dissolved in phosphate buffer pH 7.2* Antigen 
samples were not reduced before analysis. Results from the electrophoresis 
of unpurified and purified skin antigen are shov/n in Plate 17*
It can be seen that there is a decrease in the number of bands from 
seven to one; the antigen still retained activity. Thus the earlier 
results on purification v/ere confirmed by this test and the purification 
procedure shown to be sound.
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A B
Plate 17* Electrophoresis of purified and unpurified 
preparations of MD A antigen in polyacrylamide gels©
A Skin antigen SAII, purified.
B Skin antigen SAII, unpurified.
A antigen bands 
Non-specific bands
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4* Characterisation by Differential Ultracentrifugation
The association between A antigen and the MD virus particle was 
further investigated by differential ultracentrifugation* In addition to 
the use of antigen derived from feather follicles, an area shown to harbour 
infectious virus particles (Calnek et al* 1970), antigen prepared in cell 
culture was also subjected to the ultracentrifugation procedure*
Cell culture antigen was batch DEF 1 prepared as described earlier* 
Feather antigen was also prepared essentially as described earlier (page 63)» 
principal use being made of the four large primary feathers present near 
each wing root. These were removed, the shaft cut approximately 5 cm from 
the tip, which was then cut open and chopped, freeze-thawed three tiroes and
subjected to ultrasonication in minimal volume of water (usually between 2*0
i
and 5«0 ml) at 0 . Larger pieces of feather were picked out with forceps 
and the remaining fluid used as the starting material, which was clarified 
at low speed (500xjg) for 15 min, (cell culture antigen did not require this 
pretreatment, having been clarified during preparation)* Four ml volumes of 
antigen were placed in cellulose nitrate tubes (5*5 nil nominal capacity) and 
were u^tracentrifuged at 2,000xg for 30 min* Supernatants were decanted into 
fresh tubes and pellets resuspended in 4<>0 ml water to wash and subjected to 
an identical period of centrifugation. The supernatant of this latter run 
was discarded and any pellet resuspended in 0*1 ml water and held until 
required for testing. The supernatants decanted into fresh tubes were then 
spun at successively higher jg forces, any resulting pellets each time being 
washed as described above at the appropriate force. The ^  forces employed 
after 2,000xg were 18,000, 60,000 and 127,500, each for 1 h. Supernatants 
from the final (I27,500xj*) run were spun again at this speed for a further^
18 h* Pellets and 0ol ml aliquots of the various supernatants were held at 
4° until they we re tested, which was carried out by ordinary double diffusion
in agar gel, the standard MD convalescent serum being used as the precipitat-
t
ing agent* Pellets were also examined by electron microscopy. The
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procedure for the ultracentrifugation is summarised m  Fig. 30-
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j i
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I «2°
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►  Test pellet
►  Test pellet
►  60f000xj* ---^ Test pellet
60 min ---- K----
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Test
supernatant
:+ not carried out 
on DEF 1
Fig. 30- Summary of differential ultracentrifugation of 
MD antigens.
S = Supernatant P = Pellet
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The results of an ultracentrifugation run of A antigens is shown in 
Plate I8a-18d, and it is apparent that antigen activity resides principally 
in the supernatant fractions in both types of antigen, even under conditions 
as extreme as l27P500xg for 60 min, though at speeds of 18,000xjg and above 
an increasing proportion of antigen appears in the pellet, so that approxi­
mately equal amounts are present after the final period of centrifugation 
of 12?,500xg for 18 ho
The various preparations obtained during ultracentrifugation were 
titrated by the semi-quantitative methods of 2-fold dilution in agar gel, 
the 'titre* reached being the last well to show a line* These figures are 
shown in Table XIX* Preparations were not titrated by the radial diffusion 
test, since the experiment was only designed on a qualitative basis, and 
to quantify results further would have been meaningless.
TABLE XIX
SEMI-QUANTITATIVE RESULTS OF ULTRACENTRIFUGATION 
OF MD A ANTIGEN
Speedy
(rpmxlO*v ) £ force
Feather 
antigen 
S P
Cell culture 
antigen 
S P
1.5 500 ++ 1/8 - NT NT
5 2,000 ++ 1/8 - + 1/1
15 18,000 ++ l/4 + l/l + 1/2
27.5 60,000 ++ 1/4 + 1/1 1
£+
40 127,500 ++ 1/4 + 1/1 + 1/2 NT
40 127,500 .++ NT ++ 1/2 ++ 1/4 + l/8
Note: * & overnight (18 h). Presence and intensity of
precipitin line graded from — (no line) to ++ (heavy line). 
Figures (e.g* l/4) refer to semi-quantitative titres,
NT = Not tested.
There are slight differences detectable between the two preparations, 
which were roughly balanced for antigen content before being centrifuged.
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Plates l8a-d, Immunodiffusion patterns of A antigen following 
differential ultracentrifugation.
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(The DEF 1 antigen was diluted from 5000 to JOQO A units/ml. Thus, 
approximately equivalent amounts of antigen were centrifuged and any 
comparison made between intensity of precipitin line in double diffusion 
tests is a valid one). At 2,000xg there is no difference between the 
two antigens, all activity remaining in the supernatant. At 18,000xjej 
the feather tip antigen shows activity principally in the supernatant, 
though the pellet is also active; the cell culture antigen, however, 
shows no pellet activity; this result is repeated at 60,000xg, and 
127,500xjg though very faint precipitin lines were sometimes seen in the 
cell culture antigen pellet. At 127»500xg for 18 h there is almost equal 
activity in both supernatant and pellet of both antigens, measured by 
precipitin line intensity and in addition, examination of the wells 
containing antigen pelleted in this way shows a faint second precipitin 
line apparent between the principal line and the antigen well (in the case 
of cell culture antigen) and the serum well (in feather tip antigen). The 
significance of this second line is not clear; it may be a minor coEiponent 
of the antigen which has become dissociated during the prolonged period of 
severe ultracentrifugation.
Thus these experiments provide further evidence of the low molecular 
weight of the A antigen protein; slight differences detected between the 
two types of antigen could be ascribed to the source of the material 
rather than to fundamental differences between the antigen species.
Examination of pellets in the electron microscope by conventional 
methods failed to detect virus particles in supernatants, though the 
18,000 and 60,000xjg pellets showed some naked virions.
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5. Characterisation by Immune Electron Microscopy
The technique of immune electron microscopy (Almeida & Waterson, 1969) 
was applied to antigen and to infectious material combining either MD or 
HVT virus antigen and antibody. Two complementary control systems were also 
introduced, (a) reaction of experimental antigen pools with pseudorabies 
serum, in order to monitor any group-specific herpesvirus antigens, and 
(b) a Celo virus/antibody reaction was used to demonstrate the test procedure.
The MD convalescent serum (RIR 22/6) has already been extensively 
referred to; convalescent serum to IIVT has also been described elsewhere. 
Hyperimmune serum to HVT was obtained by repeated inoculation of RIR chicks, 
(previously shown to be free of maternal antibody and maintained in isola­
tion) with HVT vaccine virus*, inoculations of 0*5 ml containing not less 
than 10^ p.f.u. of virus being administered intramuscularly at weekly 
intervals of four weeks, and one further booster inoculation given after a 
period of four weeks. The birds were bled out two weeks after this final 
inoculation. The serum when tested in double diffusion tests against HVT 
and A antigens produced a heavy broad line in the gel, which did not dis­
appear until the serum had been diluted out to more than l/l6. Hyperimmune 
serum to HVT was prepared in rabbits by a similar regimen of inoculations; 
on this occasion however, the first inoculum was mixed with an equal volume 
of Freund*s complete adjuvant.
A special pool of hyperimmune serum was raised against skin antigen 
in White Leghorn chickens. Birds of six weeks of age were inoculated with 
6000 A units of skin antigen in 1 ml on four separate occasions, the first 
inoculation being made with adjuvant, and the interval between inoculations 
being two weeks. These birds were kept in contact with birds infected with 
acute Marek*s Disease, and so any antibody formed might be directed against 
the naturally acquired virus as well as against A antigen. On testing the
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serum a thick heavy precipitin line was observed in double diffusion 
tests similar to that seen in the HVT hyperimmune serum. In a semi- 
quantitative test the serum gave a titre of l/l6.
Pseudorabies serum prepared in rabbits was obtained from 
Dr. D.H. Watson, (Medical School, University of Birmingham), and antiserum 
to Celo virus was provided by Mr. R. Morris (Department of Virology, WRL).
Feather tip antigen was prepared essentially as described elsewhere 
(page 63)* The major four feathers of each wing root of birds suffering 
acute MD were exclusively used in these tests, since previous experience 
had shown them to be good sources of comparatively 'clean*, albeit crude, 
antigen. Feather tips were slit open, freeze-thawed twice and ultrasoni­
cated in minimal volume of water.
Cell culture antigen of standard MDV was prepared in CK tissue and
harvested when an appropriate cytopathic effect was seen. The supernatants
were discorded, the cells scraped off the plastic petri dishes with a
7rubber policeman, and resuspended at the rate of 10 seeded cells in 1.0 ml 
water. After uitrasonication the suspension was clarified by centrifugation 
in a bench centrifuge. The supernatant was used as a cell-bound antigen.
In gel tests with MD convalescent serum it gave a line of identity.
For HVT antigen, freeze-dried HVT vaccine virus was employed throughout. 
The contents of vials containing not less than 10^ p.f.u. were diluted with 
water and used as HVT antigen.
For the positive control test system, chick embryo lethal orphan (Celo) 
virus antigen was prepared in fertile eggs.
For conventional electron microscopy, samples were clarified by low 
speed centrifugation where necessary and then centrifuged using 2 ml 
(nominal capacity) cellulose nitrate tubes. Speeds producing ll,500xg to 
50,000xg were employed. After ultracentrifugation the supernatants were
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decanted off and discarded, any pellets being kept in the tubes, which 
were inverted and stored in a humidified jar at 4° for a maximum of 18 h.
For examination, pellets were emulsified in a little clear distilled 
water using the tip of a pasteur pipette. The emulsion was transferred 
to a clean microscope slide and one drop stained with one drop of jfo (w/v) 
phosphotungstic acid (PTA), prepared in water and buffered to pH 8.0 
using 0.1N KOH. (pH 6j0for Celo). One drop of the stained preparation 
was transferred to a carbon-formvar coated grid and examined in a 
Philips EM-300 electron microscope.
Samples examined by immune electron microscopy were treated as
follows: an aliquot of the antigen (usually 0.5 ml undiluted material)
was mixed in a 2 ml cellulose nitrate centrifuge tube with 0.2 ml serum,
diluted as required. After thorough mixing the reagents were left in the
41 o
tube, sealed with parafilm overnight at 4 o The mixture was then ultra- 
centrifuged, usually at ll,500xjg to deposit the antiger\/antibody raft.
The supernatant was discarded and the deposit treated as described above. 
Where no rafts were apparent in initial tests, the procedure was repeated 
using speeds up to 18,000xg to deposit any small rafts present, and this 
often had the effect that particles were also occasionally pelleted.
In studies on the feather tip antigen the test was set up as described 
using l/lO and l/50 dilutions of antiserum. After ultracentrifugation at 
I8,000xjg for 30 min the supernatant was discarded and the pellet resuspended 
in PBS. The centrifugation was repeated and the pellet examined. No virus 
particles, aggregated or separated, were seen. A further two aliquots of 
antigen incubated with similar dilutions of skin antigen hyperimmune serum 
also failed to resolve any aggregates. Conventional preparation without 
the use of antiserum, however, did reveal a few isolated capsids.(Plate 19).
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* A.G* Gallenkamp Ltd., London.
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Pla^tc. Feather tip antigen, no antiserum 
(xl65000)
These first tests showed that there was much contaminating protein 
present in the preparation and in an effort to reduce this the feather 
antigen was treated as follows: after a preliminary spin at 18s000xg
the pellet was resuspended in 10 ml (equal to the initial volume) of PBS 
and subjected to a further period of ultracentrifugation. The resulting 
pellet was resuspended in 1,0 ml water, tested in a double diffusion test 
(where it proved positive) and 0o2 ml mixed with 0,1 ml MD convalescent
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serum, diluted l/20. The 10 ml supernatant of the first run was 
concentrated to 1 ml using Minicon filtration units, titrated in gel 
(where it also gave a positive result) and 0.2 ml mixed with 0.1 ml 
MD serum, diluted 1/20. On examination in the ESI the preparations were 
considerably less contaminated but there was still no aggregation of 
virus.
The cell culture antigen tests involved the reaction of 0.5 ml 
DEF 1 antigen diluted with 0.5 ml water, and divided into two equal 
volumes. To one was added 0.2 ml RIR 22/6 serum diluted l/50* to the 
other, PBS. Examination in the EM showed a few isolated and distorted 
capsids, in both preparations, but in neither was there any evidence of 
these being agglutinated by the serum.
It was necessary to eliminate the possibility of there being too
few virus particles present in the antigen preparations, and hence HVT
6vaccine virus containing at least 10 p.f.u. per vial was employed. Two 
vials were each reconstituted to 0.5 ml and pooled. The pool was divided 
into two, and treated as described for DEF 1 antigen, above. Serum- 
treated and untreated samples showed enveloped and naked particles, and 
isolated fragments of envelope. In no instance was there any aggregation.
The effect of mixing normal MD convalescent serum with HVT as 
described above is shown in Plate 20. Enveloped forms of the virus, as 
shown, were often seen, as were naked particles, and there was a consider­
able amount of background debris present.
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20. HVT + antiserura at l/20 
( X I 65O O O )
Plate
Inactivation of the serum produced the results seen in Plate 21; 
some small clusters had formed and particles were seen to be linked by 
antibody bridges (arrowed)* Such clusters, however, were invariably 
small, containing less than 10-12 particles.
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Plate 21. HVT + antiserum at l/20 (inactivated) 
Antigen - antibody bridge arrowed 
(xl65000)
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Aggregation of particles into small rafts was seen if the concen­
tration of serum was increased to l/5* Plate 22 shows such a raft, though 
there were particles present which had not aggregated (e.g. Plate 23).
In general, it was noticed that enveloped particles v/ere isolated whilst, 
where aggregates, albeit small, were formed, these were almost always of 
naked particles. It is thus possible that the envelope was in some way 
screening an antigen present on the capsid surface that was responsible
for agglutination
Plate 22. HVT + antiserum at l/5
Antigen - antibody bridges arrowed 
(xl65000)
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Plate 23. HVT + antiserum at l/5 
(XI65OOO)
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The use of other sera, such as that hyperimmune to skin antigen, 
and convalescent HVT serum had no marked effect# Antiserum to HVT 
raised in rabbits (produced to eliminate the possibility of an elevated 
NaCl concentration being required for antiger/antibody combination and 
subsequent visualisation) caused minimal aggregation of particles# The 
high titre serum raised in rabbits against pseudorabies virus (another 
cell-associated herpesvirus) had no effect on HVT.
Studies on MDV cell-bound antigen involved the combination of 0.5 nil 
antigen with 0o2 ml RIR 22/6 serum diluted l/5 produced aggregates similar 
to those produced by HVT. Clusters of particles up to a maximum of 20 
particles were observed, with numerous unlinked virions. As with all 
specimens containing serum, the substructure of the particle was somewhat 
masked by antibody, but the degree of occlusion was not as great as that 
seen in specimens using other viruses, or in other published work (e.g. 
Craighead, Kanich & Almeida, 1972).
The positive control tests using Celo antigen were used to check 
the technique by testing virus quite unrelated to MDV with its homologous 
antibody in view of the lack of success in obtaining larger rafts of virus 
in the MDV system. The Celo antigen was shown to combine to a high titre 
with the serum in conventional gel diffusion tests, and examination of it 
in the EM without the addition of antibody showed approximately the same 
number of particles per field as had been observed with HVT. (Plate 24).
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Plate 24. Celo virus 
(xl65000)
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Addition of anti-Celo serum diluted l/20 produced rafts os shown in 
Plate 25.
100nm
Plate 25. Celo virus + antiserum at l/20 
(x270000)
Plate 26 shows the larger clusters formed by dilution of the serum to 
I/5O. Antibody bridges may be seen linking the particles.
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Plate 26. Celo virus + antiserum at l/50 
Antigen - antibody bonds are arrowed 
(XI65OOO)
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It was observed in these tests that no aggregates formed with any 
of the A antigen preparations in use, whether the standard convalescent 
serum or the hyperimmune serum to A antigen was employed, neither was 
any agglutination of particles seen when cell-derived (as opposed to 
that prepared from the supernatant) antigen was used* Furthermore, 
preparations such as SAII or FAII, although high in A antigen activity, 
contained comparatively few-virus particles* However, when good sources 
of particles such as HVT vaccine material, were used, aggregation was 
still minimal although it was noticed that whilst concentration of the 
antigen had little effect, use of the antibody at a dilution of only 1/5 
did allow aggregates of virus particles to form. However these aggregates 
were small, especially when compared with those seen using the Celo system* 
One interesting observation was that such aggregates as did occur were 
invariably of naked particles, whereas enveloped virions constantly 
remained free. It is thus possible that the envelope was screening the 
antigen responsible for the agglutination of virions. If this was the case, 
and the A antigen is lodged in the shell of the nucleocapsid, then these 
IEM studies would seem to point to its being there in low amounts. An
alternative worthy of note is that the antigen may be there in amounts
considerably greater than at first indicated by these results, but mostly
in a form unrecognisable by antibody. It is then not inconceivable that,
should there somehow occur a general degradation of the particle that such 
antigen might be released and its three-dimensional nature changed into 
the form which is commonly recognised.
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6* Serological differentiation of A antigen
The desirability for a simple serological test to distinguish HVT 
infection from that caused by virulent MDV in chickens led to the 
comparative study of the two A antigens in immunodiffusion tests, and 
also a comparison of chicken sera elicited against MDV with turkey sera 
against HVT.
Antigens were prepared essentially as described elsewhere, 
preparations being concentrated where necessary by Amicon filtration. 
Antisera used in the test were (a) the standard MD convalescent serum 
RIR 22/6 and (b) a number of turkey sera obtained from birds naturally 
infected with HVT. Ten such sera were screened and all found to behave 
in a similar manner.
Immunodiffusion tests were conducted as described earlier.
One per cent Bacto agar dissolved in 8o0^ NaCl and with 0.4$ phenol 
added was pipetted into Hyland plates (2c5 ml each), allowed to set, and 
seven wells cut in the conventional pattern. Reagents were added and 
the tests examined the following day.
Reactions obtained using one of the turkey sera are illustrated here
all the others behaved in an exactly similar fashion. The results of the
' .ly ■ /, .
immunodiffusion tests are shown in Figs. JOaand 3,0b» and it can be seen 
that whilst MD (chicken) sera react with.both HVT and MDV antigens, HVT
v
(turkey) sera react only with HVT antigens.
No precipitin reaction was seen between the turkey anti*4i¥T serum 
and any of the preparations of A antigen derived from MDV, whether these 
were prepared in cell culture or from feather follicle, irrespective of 
whether they were crude or purified. Conversely, MD sera readily formed
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Figs. 51a and bo Immunodiffusion patterns between MD A antigen and 
HVT A antigen(s) when reacted with MD(chicken) and HVT (turkey) sera.
precipitin lines when set against HVT antigens. Differences may now be 
detected between HVT and MDV-derived A antigens by the use, in the same 
double diffusion test, of the turkey and chicken sera, since, given an 
unknown preparation of A antigen, turkey HVT sera will only react with 
A antigen induced by HVT. It was felt necessary to conduct tests 
incorporating reagents of the reverse cross, that is, sera against MDV 
prepared in turkeys, and anti-HVT sera raised in chickens. This would 
indicate whether any variability lay between the two types of antigen 
per jse or in a difference in the immune responses of the two animals 
when confronted with one or other of the antigens. These reagents would 
be more difficult to prepare however without resorting to needle 
inoculation, since virulent MDV has never been isolated from turkeys and 
secondly, HVT spreads little between chicks infected with this virus, as 
shown by the numerous vaccination studies which have been carried out 
(e<»go Okazaki et al. 1970). When a number of chicken sera against HVT
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were prepared by virus inoculation, it was occasionally found that 
lines were present in addition to, and sometimes stronger than, the 
A line, when such sera were reacted with MD-derived A antigen prepara­
tions, that is, v/hen inter-species relationships were involved in gel 
tests a number of spurious precipitin lines were produced which could 
not be explained.
The origin of the second line detected by both chicken and turkey 
sera in respect of the HVT antigens merits further attention. This 
could have been caused by both sera containing antibodies to antigens 
other than A, since they were derived from birds infected with whole 
virus. These other antigens may, like A, have been present in the 
supernatant of cultures infected with HVT. Alternatively, the A antigen 
in both MDV and HVT preparations could be one and the same molecule but 
present in a different three-dimensional arrangement, so that different 
sites were available to the different antibodies. No further tests were 
done in this study to confirm either of these hypotheses. With regard 
to tests involving inter-species relationships, it is possible that anti­
species antibody may be formed, such as when for instance, chicks are 
inoculated with HVT and sera subsequently tested for antibody to MD A 
antigen. It is therefore worth sounding a cautionary note to the effect 
that such tests should be carefully controlled to ensure that the precipitin 
line being examined is the A line and not an anti-species one.
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Comments on Characterisation of A antigen
The characterisation of the A antigen which was carried out in various 
ways involved the use of crude, as -well as pure, antigen preparations. 
Although it would have been more desirable to characterise the antigen in 
its pure form this was not possible for many of the tests because only 
comparatively small volumes of the pure products were available* However, 
where it appeared axiomatic that a test demanded the use of pure antigen 
then it was used* The results agree by and large with those of Ross et al.
(1973)9 and to some extent with those of Settnes (1972), who described
some of the characteristics of an A antigen prepared from CK cultures. For
instance the A antigen appears to be a fairly stable protein resistant to
temperature changes, freeze-drying, pH changes, and organic solvents but 
is, characteristically, inactivated by trypsin and its protein nature was 
also revealed in its staining reactions after electrophoresis in polyacry­
lamide gels. Polyacrylamide gel electrophoresis, apart from its ability to 
demonstrate antigen purity, was also used to make estimates of the molecular 
weight of the antigen which confirmed those obtained by Diaflo membrane 
filtration. It seems a molecular weight of about 65,000±5,000 is the nearest 
estimate that can be made.
The comparisons between the virus particle and the A antigen provided 
no conclusive evidence that the A antigen was a separate entity or merely 
part of the virion. The fact that both were produced simultaneously in 
culture could not be accepted as evidence of direct identity. However 
density gradient and differential ultracentrifugation techniques clearly 
indicated a very large difference in size and density gradient studies
N
provided evidence that the A antigen derived from HVT probably contained 
two components. The equivalent antigen from MDV cultures contains only one
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component as shown by gel diffusion tests using MD antiserum# It is 
possible that the second component was virus subunits of HVT* Although 
virulent MDV banded in the middle of the density gradient, there was no 
reaction with HVT antiserum. Density gradient runs of antigen preparations 
themselves, etc. failed to resolve more than one component, although 
antigen derived from HVT was not run under these conditions. This possible 
‘double component* hypothesis is interesting in view of the later obser­
vations concerning one-way crossing between MDV and HVT A antigens# 
Differential ultracentrifugation confirmed that there is little* if any, 
physical correlation between virion and A antigen; the former were easily 
pelleted at 18,000xg in less than one hour, whereas the antigen remained 
in the supernatant fraction at 127,50^ xg for this time, requiring an 
overnight period of centrifugation to pellet#
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DISCUSSION
When this study began it was thought that A antigen (Churchill et al. 
1969) v/as produced only in certain types of tissue culture infected with
virulent strains of Marek's disease (MD) virus: various workers however
y  ■ '. v
(e.g. Calnek & Hitchner (1969) have since demonstrated an antigen similar 
‘ ■" ' ' ■ ; >  ■ 
in many respects to A in other tissues. The principal objective which
still remains is the full characterisation of the antigen and its biological
function. Our observations show that the A antigen first described by
Churchill et al. (1969) was also present in feather follicles and skins of
birds infected with virulent MD. We also found that the antigen was a low
molecular v/eight protein closely related in gel diffusion tests with a
similar protein from infected cells described by Ross et al. (1973)«
Selection and standardization of cell cultures
There were considerable difficulties in the production of large 
quantities of the crude antigen from cell culture and it was necessary to 
devote time to the selection and standardization of suitable cultures. 
Although Eagle*s Basal Medium with foetal calf serum was finally selected 
for cell culture growth and maintenance, there was no special advantage in 
its use other than its availability. It was apparent, however, that factors 
other than the growth medium were particularly important in the propagation 
of chick kidney (CK) cells, but less so when duck embryo fibroblast (DEF) 
cultures were used. For Instance, for CK the cell seedling rate was critical 
for the different culture vessels, and it was necessary to incubate cultures 
without movement for two days. Thereafter the monolayers were quite stable, 
and resisted minor changes in pH and temperature. For the propagation of 
virus for the production of antigen both CK and DEF were equally suitable,
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but CK was the best for assay of infectivity, because the plaques 
produced by the virus were more easily distinguishable in that tissue*
It was unfortunate that MRC vessels proved unsuitable for large
V
scale production of virus and A antigen because of the problems due to
contamination, but 250 ml bottle cultures were a satisfactory substitute*
■ '
Selection and cloning of virus
It was thought essential to clone virus and thus avoid any risk of 
contamination with adventitious viruses including other strains of MD 
virus* This later proved a justifiable course of action since several 
workers reported that pathogenic strains of MDV existed which were 1A r 
that is, apparently producing no A antigen in culture (purchase et al*
1971). ■fhic hi?s bsen—conf-irmed-(-Ei-ggs & M4-ine$ 197&) and furthermore A 
antigen production is not linked to pathogenicityjior is it an all-or-none 
phenomenon, that is to say pathogenic strains may show a spectrum of 
A antigen activity*^ljjs + 1^ 72.}
Assay of viral infectivity
The chicken provides the most sensitive assay system, and prior to 
the development of tissue culture techniques (Churchill & Biggs, 1967) it 
was the only reliable method of assay* The technique involved the inoculation 
of the test material into susceptible day-old chicks and observing the number 
of birds which developed MD over a finite period of time* Such tests 
required a fairly large number of individuals to be statistically accurate*
In practice this precluded the housing of birds individually and made it 
necessary to conduct such assays over a short terra like twenty-one days 
(Sevoian & Chamberlain, 1963)* Longer periods would expose the animals to 
the risk of transmission of infectious virus* The successful propagation 
of virus in tissue culture made it possible for assay techniques associated 
with the production of foci to be developed, which ?/as more economical and
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less time-consuming than the use of chickens* However, the technique
v/as prone to fairly wide variation and required careful standardization
particularly the selection of overlay media* In addition, in the present
study, it was compared with the micro-method of titration which, however,
showed no special advantage* Various efforts had been made to improve
both the number and clarity of foci* One such was the incorporation of
ethylenediamine tetra-acetate (EDTA) into the inoculum diluent (Adldinger &
Calnek, 1971)» The authors claimed increases in focus counts in the
presence of 5-10 nM EDTA with both cell-associated and cell-free forms of
the virus. This implied that the mode of action of the chelating agent
could not be explained simply by the dispersion of cell aggregates* However,
the quality and quantity of foci were often improved. Unfortunately this 
A ' ■
implies that the original test was relatively insensitive in that it probably
failed to detect all the viable units. In this project further modifications
were sought (a) to improve the foci produced by the virus in culture so that
plaques would be clearly delineated and easier to count macroscopically,
(b) to avoid secondary foci, and (c) to achieve the disaggregation of clumps
of virus, or virus-infected cells, so that one infected cell gave rise to
*-■■■ :■ t 1.
one plaque* However, it was not possible to obtain clear plaques even ift 
the presence of magnesium chloride which was known to be a useful addition . 
to the medium for plaque formation with several other viruses. However the 
use of an overlay medium with agar or carboxymethylcellulose was effective 
in preventing secondary foci and it was surprising that this type of modi­
fication had not been previously reported. With regard to the disaggrega­
tion of clumps of virus or virus-infected cells no improvements were made. 
Assay of A antigen
Since the double diffusion test only provided a rough guide to the 
amount of antigen present, alternative methods were sought. The single
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radial diffusion test with the antibody incorporated in the gel provided 
a rapid and fairly simple system of assay. This technique, originally 
used by Mancini et al* (1964-) and developed by Schild, Henry-Aymard &
Pereira (1972) for assay of influenza antibody, gave results within 18 h 
which were both reproducible and quantitative over the range of antigen 
concentrations encountered. Occasionally a second annulus was detected 
within the first, and it was thought that this might represent an additional 
component or components in the antigen. However it was observed with a 
large number of tests that this second ring, unlike the first and specific 
one, did not vary with the antigen concentration, furthermore at higher 
dilutions it just faded away. One may speculate on the nature and formation 
of the annulus itself, whether it is a true ’precipitate* in the same sense 
as the lattice formed in a double diffusion test, or whether it is a 
collection of antigen molecules each surrounded by many antibody molecules 
which are therefore unable to penetrate further into the gel as more antigen 
diffuses in behind it. These collections would then aggregate and form the 
opacity of the annulus. This view may be the correct one* Furthermore 
unlike the double diffusion test, the single radial diffusion test did not 
require salt for the formation of annuli, although their contrast was mar­
kedly increased when it was present* This would also agree with the findings 
of Schild et al* (1972) who found in thin sections of antibody-antigen zones, 
antibody haloes surrounding single virus particles and they concluded that 
lattice formation was not required, only the primary reaction being necessary* 
The single radial diffusion test was also adapted to assay antibody 
by incorporation of the A antigen into the gel phase but v/as not developed 
as a quantitative test. Under those conditions the zones were less well
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defined than when antigen was being assayed and this probably reflected 
the heterogeneous nature of serum. Other constituents, especially haemo­
globin from poorly separated serum samples, diffused into the gel matrix 
and obscured the annulus, Schild et al, (1972) found that it was possible 
to assay influenza virus antibody not only from serum samples but from the 
whole blood, where breakdown products of erythrocytes would abound, so 
perhaps further work with the MD system might also make it possible to assay 
the MD antibody in whole blood samples. It is worth noting an essential 
difference between the work of Schild et al, (1972) and the present situa­
tion where the antigen whether in continuous or discontinuous phase was 
Soluble*, that is to say it was free to diffuse throughout the agar. This 
more closely paralleled the original situation described by Mancini et al, 
(1965)0 Schild and his group (1972) had used intact influenza virus particles 
as the continuous phase, but these particles were greater than the pore size 
of the agarose and thus would not move through the gel which probably improved 
the definition of the annulus but prevented the reagent itself being assayed 
in this system, .
Diagnosis of infection by insertion of feather tips into radial dif­
fusion agar plates (Marquardt, 1972) was a quicker and simpler diagnostic 
method than the ordinary double diffusion test on the serum, and it would 
have been interesting to compare the development of antibody to the A anti­
gen with the appearance of positive reactions in feathers in single birds. 
Production of A antigen
Antigen produced in cell culture had a low *signal-to-noise* ratio, 
owing to the large amounts of contaminating non-specific protein, mainly 
calf serum. Such serum was essential to sustain cultures long enough to 
obtain significant antigen production. Because of the high non-specific
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protein content, tissue-culture derived A antigen had low ag:pr ratios.
These low ratios were also seen in some batches derived from skin, even 
though the overall antigen activities were high. In other batches prepared 
from skin, as well as those prepared from feather tips however, the propor­
tion of antigen to non-specific protein was high. It is quite obvious that 
when deriving A antigen from cell culture and skin that the proportion of 
non-specific protein would be high but for feather tip extracts where the 
level of virus itself is known to be relatively high (Calnek et al. 1970) 
this might well result in equally high concentrations of A antigen. Although 
the exact relationship between virus titres and A antigen levels is uncertain, 
our observations indicated that in cell culture, anyway, there was a parallel 
between the two.
The concentration of antigen was at first achieved by the relatively 
crude method of precipitation with ammonium sulphate, the pH of the solution 
making a noticeable difference to the titre of the final product. Later 
batches were produced by methods scarcely less crude but either less detri­
mental to the antigen or allowing more of it to be recovered. These methods 
involved concentration using Lyphogel with or without the subsequent use of 
Diaflo membranes in Amicon ultrafiltration units, and. from the data obtained 
by the methods it was clear that the molecular weight lay between 30,000 and 
50-60,000, assuming the molecule was spherical.
Purification
Purification is distinct from concentration in that it reflects on 
an increase in specific protein in relation to the total protein. Two 
criteria were used in this study for purification; (a) an increase in the 
A antigen:protein ratio and (b) a decrease in the number of bands appearing 
in polyacrylamide gel after electrophoresis of such preparations, and with
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both criteria it was also necessary to show that the material still 
retained specific serological activity.
The process of immunoadsorption is highly specific, and thus most 
of the impurities were removed quite effectively. Alternative methods 
such as preparative electrophoresis and chromatography on DEAE-Sephadex 
have been developed by Ross et al, (1973) and they obtained a 20-fold 
purification of the antigen which was about the same level as that 
achieved by immunoadsorption, but recovery by immunoadsorption was much 
greater than the level reported by Ross et al, (1973)* By immunoadsorp­
tion up to 12% of the input antigen was recovered in a purified form 
whereas the maximum that Ross achieved was 45%* This seems to illustrate 
a particular facet of protein chemistry, that is to say that methods for 
high purification were often associated with loss of more of the active 
material than a lower purification procedure. With regard to the immuno­
sorbents, the glutaraldehyde product unfortunately failed to bind antigen 
satisfactorily and the active material passed through the column with the 
non-specific protein. This lack of binding may have been a function of 
the antigen, but it more likely that the immunosorbent was at fault, partly 
because of the necessity for concentrating the serum before it would even 
polymerise with glutaraldehyde. This meant that non-antibody proteins 
were also concentrated, and these may have blocked the efficient adsorption 
of antigen to the immunosorbent.
Purification with Sepharose-prepared immunosorbent was more successful, 
provided that the antigen was eluted with buffer containing 10% dioxane.
The 'high-capacity* column also performed as expected in that high titre 
purified antigen was recovered. An interesting observation, in connection 
with these studies was that although attempts to produce specific antibody
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to A antigen failed, the inoculated chicks subsequently appeared much 
more sensitive to challenge with virulent MDV* The reasons for this 
are far from clear* Three possible explanations present themselves:
(a) the inoculated antigen sensitized the chicks; (b) there was infec­
tious virus present in the inoculum; and (c) the observation was merely 
coincidental* In the circumstances the first explanation seems to be 
the most plausible, though the last must be considered* The second 
explanation is highly unlikely because of the nature of the preparative 
process* No further tests were done to confirm these hypotheses and thus • 
the phenomenon must be left as a matter of conjecture.
Relationship of the A antigen to the virus particle
The relationship of the A antigen to the fdD virion is still the 
subject of speculation and controversy* The principle question seems to 
be one of whether the A antigen is a virus-coded but non-incorporated 
protein produced by the cell under certain conditions, or is it a break­
down product of the virion, or a product normally incorporated but produced 
in large excess to the requirement for virus production. It is interesting 
that on the basis of immunodiffusion studies the A antigen extracted from 
skin or feather material was identical to that isolated from concentrated 
tissue culture supernatants. With regard to the possible association of 
A antigen and virus, virus growth studies reported in our work showed that 
A antigen production corresponded with increased viral infectivity for both 
HVT and virulent MDV, although the latter took longer to reach high titres, 
but this evidence does not indicate whether the antigen is a structural 
protein of the virus. In fact no reports exist which demonstrate unequivo­
cally a source of antigen which is virtually free of virus although some 
preparations of virus, for instance cell cultures infected with attenuated
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MDV, contain very little A antigen. With regard to the presence of 
antigen in skin and feather follicle extracts (Calnek et al, 1970) it 
is clear that A antigen is very closely associated with virus. However 
this close association does not necessarily imply that the A antigen is 
part of the virion. Although the procedures for the extraction of A 
antigen from feathers and skin may produce some fragmentation of virions 
it seems more likely that the antigen is distinct from the virus on the 
basis of the quantity which is obtained.
Consideration of studies performed on other herpesviruses, especially 
herpes simplex, reveals a multitude of antigens induced in cells by the 
infecting virus. This is scarcely surprising, for the herpesvirus genome 
is a large one and therefore potentially capable of specifying the synth­
esis of a large number of products. Each mosaic of antigens which has 
been described is so independent of other studies that it is impossible to 
make valid comparisons. However an examination of some of these studies 
may illuminate the relationship between the A antigen of MDV and the virions 
and other proteins in infected cells. Watson & Wildy (1963) established 
that the envelope and capsid of herpes simplex virus possess different 
antigens, for instance enveloped particles could be agglutinated by anti­
host cell sera, but not naked particles. Other differences were reported 
by Watson et al.(1967) who showed that extracts of cells infected with 
pseudorabies virus gave a precipitin band with antisera to cells infected 
with herpes simplex, and a similar antigen was also found in cells infected 
with herpes B virus. These antigens were not, however, accorded functions 
or chemical structures, so they remain purely conjectural with regard to 
any relation to the A antigen of MDV. However, Watson (1969) did succeed 
in preparing rabbit kidney cells infected with HSV and then separating the
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resulting antigens by preparative polyacrylamide gel electrophoresis*
This separation produced fractions that gave single precipitin lines when 
tested against an anti-HSV serum. One of the immunodiffusion lines, so 
called 'Band.IIV was injected into rabbits and a 'monoprecipitin' anti­
serum obtained. Further studies of the Band II antigen showed that anti­
serum to it neutralized HSV type 1 virus infectivity, and this observation 
indicated that it was probably a structural component present on the out­
side of the virus particle. It was also shown to have an Rp value of 0.7 
(albumin = 1.0) in 1% polyacrylamide gel, and this led to the conclusion 
that it was a fairly small protein and electron microscopy failed to detect 
any structural similarity to capsomeres.
Further studies by Sim & Watson (1973) showed that the Band II 
antiserura neutralized both HSV types 1 and 2, and in fact that anti Band II 
antibodies were responsible for cross-neutralization between the two. It 
was therefore deduced that Band II is a 'type-common* antigen present in 
the particles of both types of herpes simplex virus. Honess et al. (1974) 
very recently reported that antiserum to Band II also agglutinated naked 
particles, thus providing further evidence that Band II is a structural 
antigen. These workers also found that 5~fold concentration of the serum 
produced a second precipitin band when tested against extracts of cells 
infected with either type 1 or type 2 virus. Barton (cited by Wildy, 1972) 
found in fluorescent antibody studies that Band II appeared in the cytoplasm 
of cells as early as 4-6 h post infection, and later (7 h onwards) that it 
appeared in the nucleus* He also confirmed by immunodiffusion studies that 
the Band II antigen accumulated in the cytoplasm.
Three further antigens have been described in connection with HSV 
infections. Watson et al. (1967) showed that extracts of cells infected
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with pseudorabies virus gave a single precipitin band with antiserum to 
HSV* This immune precipitate after inoculation into a rabbit elicited 
serum which gave again, a single line with HSV although several lines 
with extracts of cells infected with pseudorabies virus* The single 
antigen (termed PRC) was not involved in virus neutralization and did not 
agglutinate naked HSV particles (Watson & Wildy, 1969) but it was present 
in type 2 as well as type 1 cell extracts. A capsid antigen was also 
described by Robinson & Watson (1971)^ extensive purification of virus 
was followed by rabbit immunization, which elicited antibody which gave 
a single line against the purified virus and this antigen was assumed to 
be structural, and was common to types 1 and 2.
A manifestly non-structural antigen isolated from cells infected 
with either HSV 1 or HSV 2 was the virus-induced thymidine kinase antigen, 
(TdKA) and it v/as postulated that it was the enzyme itself. These antigens 
were type-specific, both with regard to biochemical as well as serological 
characters. The function of the enzyme in virus replication has not been 
ascertained, but it has provided a useful marker to distinguish HSV 1 from 
HSV 2. (Thouless & Skinner, 1971)*
These various antigens show some features which may be considered 
similar to those of the A antigen of MDV, though they have been determined 
differently. Band II was found to be a protein of low molecular weight, 
as was the A antigen. Band II was produced 4-6 h after infection which was 
somewhat earlier than for the A antigen. However the methods used to detect 
the A antigen v/ere less sensitive, but even allowing for this there was 
still an appreciable time difference. Whilst immuno-electron microscopy 
implied unequivocally that Band II was a structural protein, probably 
located on the surface of the capsid, equivalent studies using convalescent
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MD antibody failed in all cases to agglutinate HVT virus particles, 
although small rafts of virus were observed. However these rafts were 
not considered significant, especially in comparison with those obtained 
using Celo virus and its specific antiserum. HVT was used because it 
provided the only convenient source of large numbers of virus particles 
and was considered a suitable antigen because it reacted just like the 
MDV A antigen in other serological tests and it therefore was a valid 
substitute in this case. The small rafts that were seen indicated that 
the convalescent serum contained some antibody directed against the virus 
particle, but this was of very low titre, although in gel diffusion tests 
it was fairly active against the A antigen. Other methods used to determine 
whether HSV Band II was structural or not, principally neutralization tests, 
were not attempted in this present work because cell-free MD virus was not 
available.
It is interesting to note that just as Band II antigen was shared by 
HSV 1 and 2, so A antigen was common to both MDV and HVT. Furthermore the 
one-way cross observed to occur between HVT and MDV paralleled studies on 
HSV and pseudorabies where Watson et al. (1967) found that extracts of cells 
infected with pseudorabies virus gave a precipitin band with antisera to HSV- 
infected cells, but reciprocal antisera prepared against pseudorabies-infected 
cells did not react with extracts of HSV-infected cells. However, recent 
work reported by Honess et al. (1974) indicated that some degree of full 
cross reaction between HSV and pseudorabies was possible, providing adjust­
ments were made to the ratio of antigen to antibody.
The one-way cross reaction seen between MDV and HVT A antigens and sera 
from chickens and turkeys infected with these agents implied that at least 
one component was not shared. If there was a real difference in the
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components of sera from such infected animals it would be possible to 
determine them serologically by gel diffusion. It would be necessary 
under these conditions to kill selected birds, set up CK cultures and 
test the supernatant for the relevant antigen.
The various antigens of the herpesvirus mosaic have been summarised 
by Wildy (1972X Table XX includes his data together with data from studies 
on MDV.
TABLE XX
MAIN PROPERTIES OF SOME HERPES VIRUS ANTIGENS 
(AFTER WILDY, 1972)
Antigen
Diffusible 
in cell 
extracts
Structural
V irus 
neutralization 
involvement
Associated
with
thymidine
kinase
Present 
at cell 
surface
Type
Band II + + + - + Common
PRC + ? - 7 Common
Capsid + (+) - - 7 Common
TdKA + 7 ■ - + 7 Specific
MD A ag + probably - ? probably - - Common
In this context of antigens present in herpesviruses it is important 
to note that each group of workers defines the antigens they study strictly
in their own terms and thus it is difficult to make useful comparisons.
For example, in the many studies on structural and non-structural proteins
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of HSV, (previously reviewed) it is rarely possible to be certain where 
similar proteins ore examined because of fundamental differences in 
experimental design.
Common antigens for the herpes group have also been described by 
Kirkwood et al. (1972). With the aid of ultracentrifugation he prepared 
nucleocapsid antigen from Luck6 virus, EBV, HSV, MDV and cytomegaloviruses.
He used this material to prepare antibody in rabbits and in subsequent 
immunodiffusion tests demonstrated group-specific antigens. These workers 
also selected a low molecular weight antigen from all but Lucke virus which 
was non-sedimentable at 80,000xg for 1 h which were exclusively type-specific 
in the same tests and were referred to as ts antigens. No marker for this 
antigen was proposed other than its behaviour in ultracentrifugation, but 
it is interesting to speculate whether the A antigen of MDV was analagous 
to such ts antigens.
The A antigen and even the ts antigens may be proteins induced by the 
virus to aid in its assembly or in its egress from nucleus to cytoplasm.
In the case of MDV the vims remains within the cells but the bulk of the 
A antigen appears to be released from the cells into the supernatant. This 
could reflect a fault in the synthetic processes in the cell producing A 
antigen in excess of that required for viral replication in relation to the 
fact that the cell system may be a sub-optimal one. In this regard it is 
interesting that Shimono, Ben-Porat & Kaplan (1969) described the presence 
of large amounts of proteins in cells infected with pseudorabies virus, 
which were apparently not destined to become part of new virions. The 
initial relatively high levels of A antigen obtained from cells is reduced 
on passage of the virus and this may imply that the cells become more 
efficient at making virus and so surplus materials are not produced in such
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great quantities. However good yields of A antigen are also obtained 
from feather follicles in which free virus occurs and to which one would 
suppose the virus was well adapted.
In conclusion therefore, it is now possible to describe important 
characteristics of the A antigen. It is a protein or conjugated protein 
of comparatively low molecular weight, which can be separated from the 
virus and purified by immunoadsorption using, among other methods, 
activated Sepharose. It may be.assayed using a conventional precipitin 
reaction in agar gel, where it behaves as predicted for protein of this 
nature in the classical studies of Mancini et al. (1964). Antibody to it 
fails to agglutinate whole virions in so far as it is not possible to 
observe rafts under electron microscopy. However the A antigen is produced 
not only by cell cultures infected with virulent MDV but in addition by 
cultures carrying HVT and other attenuated forms of the virus, and it is 
also found in large quantities in the feather follicle epithelium, closely 
associated with cell-free virus. A antigen is almost certainly not a 
major structural protein of the virus particle, but is produced at the 
same time as the virus in culture. The particles also band out in quite 
different zones from the antigen in density gradients, and are easily 
pelleted, whilst the antigen remains in the supernatant in differential 
ultracentrifugation tests. The antigen does, however, have certain simila­
rities with Band II antigen of herpes simplex virus and it is also possible 
that it is a minor structural protein analogous to, say, the fibre compon­
ent of the adenovirus particle.
The purification and characterisation of the MDV A antigen makes 
possible further immunological studies. Such studies might include an
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assessment of the natural distribution of the A antigen in the infected 
chicken by fluorescent antibody techniques* Furthermore now that cell- 
free MD virions are available (Calnek et al. 1970) tests could be carried 
out to determine whether or not (a) the A antigen is a component essential 
to viral infectivity or (b) is an integral part of the capsid or envelope 
and (c) whether it had complement-fixing activity.
The A antigen was originally studied because it was thought that it 
was an indicator of pathogenicity but this was later shown not to be the 
case. However it has provided us with a diagnostic reagent because it is 
now possible to distinguish one type of MDV infection (HVT) from another 
(true MDV) by serological tests. Furthermore it has added an interesting 
dimension to the study of an oncogenic virus by providing us with informa­
tion concerning viral-induced protein synthesis and it has also been 
possible to relate MDV more closely with other herpesviruses .in terms of 
the antigens they specify.
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APPENDIX 1
Formulae of Buffers
Phosphate-Buffered Saline (PBS) pH 7»2
This was prepared as PBS *A' without calcium and magnesium salts, 
solutions of which were added separately when necessary* PBS ’A* was 
used in cell culture work, and 'Complete* PBS was employed when a general 
physiological buffer was required*
PBS 'A*
NaCl* 8*0 g
KC1 0*2 g
Na2HP04 1*15 g
KH2P0^ 0*2 g
Deionized water 1000ml
'Complete* PBS
As above, except that only 800 ml volumes were prepared, and the 
following solution added:
CaCl2 0*1 g
MgCl2-6H20 0.1 g
Deionized water 200 ml
i
♦
All reagents were Analar grade and were obtained from Hopkin & Williams Ltd. 
Essex.
Glycine-HCl buffer, pH 2.4 0.1M
0.2M glycine (=15.0 g per litre) 50 ml
0e2M HC1 approx. 28 ml
The exact volume of HC1 was determined by monitoring the pH of the 
buffer and adding the acid until the pH reached 2.4. The solution was 
then diluted l/2 with deionized water to 0.1M.
Borate-buffered saline (BBS) pH 8.3, 0.01M (immunoadsorption)
Boric acid 6.I84 g
Borax 9.536 g
NaCl 4.384 g
Deionized water 1000 ml
Buffer of this type for use in pH stability tests and in polyacryla­
mide electrophoresis was prepared to 0.1M concentration, the constituents 
being dissolved in one-tenth the volume of water indicated.
Citrate-phosphate buffers pH 5.0 and pH 5.0* 0.1M
Citric acid 19.21 g )
) 0.1M citric acid ...... Solution A
Deionized water 1000 ml )
Na HPO 28.39 g )
V -  ) 0.2M Na HPO,  ..... Solution B
Deionized water 1000 ml )
ii
For pH 3*0 ;
Solution A 398 ml
Solution B 102 ml
Deionized water 500 rol
For pH 5o0 ;
Solution A 243 rol
Solution B 257 ml
Deionized water 5^0 ml
Citrate buffer pH 4*0» OolBI
Citric acid 6*34 g
Trisodium citrate 
(hydrated) 5*00 g
Deionized water 1000 ml
Phosphate buffer pH 6*0 and pH 7«0» OqIM
NaH9P0/*2H 0 31*20 g )
) Solution A 
Deionized water 1000ml )
Na HPO. 28*39 g )
z 4 ) Solution B
Deionized water 1000 ml )
iii
For pH 6*0 ;
Solution A 438*5 ml
Solution B 61*5 nil
Deionized water 500 ml
For pH 7*0 ;
Solution A 195.0 ml
Solution B 3^5*0 ml
Deionized water 500 ml
Barbitone buffer pH 8*0, 0*1M
0*2M sodium barbitone 
0.2M HC1 
Deionized water
Boric acid/borax buffer, pH 9*0, 0*1M
Boric acid 
Borax
Deionized water
3© 10 g
5.62 g
1000 ml
(= 41.236 g/litre) 250 ml
88 ml 
662 ml
iv
